This  docuxBcni  has  b««a  opprovwl 
1m  public  Ml«ast  and  tak:  its 
distiibutioB  is  ualizBiiML 


\ 


94-19375 


DEPARTMENT  OF  THE  AIR  FORCE 
AM  UNIVGRSIfY 

AIR  FORCE  INSTITUTE  OF  TECHNOLOGY 


Wnskt-Pattarson  Air  Fore*  Bos«,  Ohio 

94  6  24  004 


AFlT/DS/ENP/94-01 


O 


THE  EXCITATION  MECHANISM  OF 
PRASEODYMIUM-EKH^  SEMICONDUCTORS 

DISSERTATION 

Pud  L.  Thee.  Major,  USAF 

AFrr/DS/ENP/94-01 


Accesion  For 

— 

NTIS  CRA&l 
DTIC  TAB 

□ 

Unaniiouriced 

U 

Justificatio.". 

By 

Distribution  / 

Availability 

Codes 

Avail  j  ci/of 
D'S*  Sptctai 


h-t 


Approved  for  public  release;  distribution  unlimited 


THE  EXCITATION  MECHANISM  OF 
PRASEODYMIUM-DOPED  SEMICONDUCTORS 

IHSSERTATION 

Picacfllied  to  the  nullity  of  die  Graduate  Sdiool  of  Engmeering 
of  the  Air  Force  Institute  of  Technology 
Air  University 
In  Partial  Fulfillment  of  the 
Requirements  for  the  Degree  of 
Doctor  of  Philost^hy 

Paul  L.  Thee,  B.S..  M.S. 

Major,  USAF 

June  1994 


Approved  for  public  release;  distribution  unlimited 


AFIT/DS/ENP/94-Oi 


^jproved: 


TOE  EXCrr ATK>N  MECHANISM  OF 


PRASEODYMIUM-DOPED  SEMICONDUCTORS 


Paul  L.  Thee.  B.S..  M.S. 
Major.  USAF 


YuQgKee  Yeo 

Chairmaiit  Advisoiy  Committee 


Robert  L.  Hengduc^d  7 
Moidier.  Advisory  Committee 

THaJs. 

MaikE.  Oxley  Q 

Member,  Advisoiy  Committee 


Donald  C.  Reynold^ 
Dean's  Rqnesentative  < 


Accqited: 


Robert  A.  Cal^.  Ji'. 

Dean,  Graduate  School  of  Engineering 


Prete 


Blessed  is  die  man  who  finds  wisdom,  the  man  who  gains  understanding,  Wisdom  is 
si4>rane;  therefore  get  wisdom.  Though  it  cost  all  you  have,  get  understanding.  How 
mudi  better  to  get  wisdom  than  gold,  to  choose  understanding  radier  than  silver! 

The  Bible  (NIV),  Prov.  3:13,  4:7,  16:16 

"Don't  try  to  win  the  Nobel  Prize,  Paul.  Just  do  some  good  research... and  be  sure  to 
get  the  Department  Head  on  your  committee.  ” 

Col.  Jay  Sherman,  HQ  AFTAC/CV,  May  91 

AFTT  requires  a  great  deal  of  sacrifice  from  its  students,  but  no  less  from  the 
families  and  I  indeed  thank  my  wife  Sonji  for  her  sacrifices  this  second  time  through 
AFTT.  I  am  deeply  grateful  to  Dr.  Yung  Kee  Yeo  for  his  tireless  devotion  to  physics, 
scientific  advice  and  motivation.  Dr.  Yeo  always  took  time  to  help  me  whether  it  was 
a  problem  in  my  lab  or  advice  on  my  career.  I  also  greatly  appreciate  Dr.  Robert 
Hengehold  for  his  pragmatism  and  encouragement  over  my  time  here  at  AFTT.  Greg 
Smith  and  Belinda  Johnson  were  invaluable  for  without  their  technical  assistance  to 
keep  my  laboratory  running  I  could  not  have  done  this.  The  consistent  encouragement 
from  my  parents  and  their  confidence  also  meant  a  great  deal  to  me.  Finally,  I  truly 
thank  God  for  the  strength  to  endure  this  program. 

Paul  L.  Thee 


Dedicated  to  my  son  Brandon 


Page 

iii 

vi 

X 

xi 

xii 


1.  Imxodiictioa .  1 

Motivatkm .  1 

PiroMem  Statement .  3 

Aiiproach .  3 

Oudhie .  4 

n.  Badcgromid .  5 

Senuconductcv  Energy  Bands  and  Inquirities .  5 

Radiative  and  N<ni-Radiative  Transitions .  8 

The  Crystal  Fkkl . 9 

Rare  Earfli  Elements .  11 

ID.  Previous  Wcxk .  16 

Ertnom .  16 

Praaeottymiom .  23 

Bandgiy  Engineering .  26 

IV.  Experuneiial  Sangdes .  28 

Hoet  SemicondDCtors .  28 

ligiikl  Encapanlaied  Czodiratsld  Growth .  29 

Meialofgaaic  Chemtail  Wapm  Dq)ositkm  Growth .  29 

loobnplaiilatkm .  30 

Anoei^ .  33 

V.  Characterization  Tedmiques .  35 


Piefhoe . 

list  (rf  Flutes . 

LotofTaMes . 

List  of  Abbieviatioos . 

AlMtrM:t . 


iv 


i 


SiiBCliw  Exctotkm  Ijaninaiccnce 


VI.  Results  and  Ducusskm 


Rr  lamhiBScence  Study  of  Control  Sandies . 

Effect  of  Annealing  Conditions  oa  Pr  Luminescence . 

Pr  Luminescence  Dqwodence  (m  Dose . 

Pr  Lmninescmice  Dqpoidenoe  tm  die  Host  Conductivity  Type 

Pr  Luminescence  Dqpendence  on  Host  Semiconductor . 

Pr  Luminescmioe  Dependence  on  Excitation  Power . 

Toqierature  Dqiendoice  of  Pr  Luminescence . 

Selective  Exdtatmn  of  Pr  Luminescence . 

Photohimineaoenoe  of  Dual-doped  Pr  and  Er . 

Photohmunescence  of  Pr  Codened  widi  Odier  Elements . 


Vn.  Ctmchisions  and  Recommendations 


Excitation  Meemmism  Models 
Recommendations . 


^ipendixA:  Host  Information 


^ipendixB:  Sanqile  Information .... 


BHdiogiaidiy 


Lin  of  Figures 


Fifue  Pi^e 

1.  Energy  Band  IMagrains  for  an  Insulator,  Semkx>n(luctor,  and  Metal .  6 

2.  Donor  and  Acceptor  Energy  Levels  in  GaAs .  7 

3.  Hon  Bandgap,  Trivalent  Pr,  and  Trivalent  Er  Energy  Levels .  IS 

4.  PL  Dqwndenoe  of  GaAsiEr  on  Anneal-Tem|)eratuie .  18 

5.  Energy  Level  Scheme  of  the  Non-Cubic  Er  Ccm^lex  in 

MBE-grown  GaAs .  20 

6.  Photohiminescence  of  GaAs:Pr .  25 

7.  Ion  Inq>lantatkm  Syston  Showing  Lattice  Damage .  31 

8.  PL  and  SEL  Eiqierimental  Arrangements .  37 

9.  Nrmnalized  System  Compcaisnkm  Factor  for  the  PL  Apparatus  using  a 

1000  mn  UP  Filter  and  Ck  Detector .  42 

10.  Ekctron  Iigection  in  a  p-n  Junction .  47 

11.  Fhottdummescmce  spectra  taken  at  3  K  for  SI-GaAs,  SI-Alo.isGao,g5As, 
SI-Alo.3oGao.TOAs,  a^  SI-Alo.5(yGao.3oAs  with  Pr  implanted  at  390  keV  widi 

a  dose  of  lO^VcniZ  and  annealed  at  various  tenq)eratures  .  49 

12.  Photoluminescence  spectra  taken  at  3  K  fin-  SI-GaAs  implanted  with  Pr  at 

390  keVwidi  a  dose  of  lO^^/cm^  and  annealed  at  various  temperatures...  S3 

13.  Photoluminescence  spcctn  taken  at  3  K  for  SI-Alo.15Gao.8sAs  inq>lanted 

widi  Pr  at  390  keV  with  a  dose  of  lO^Voi^  and  annealed  at  various 
temperatures .  55 

14.  Phottduminescence  qxictra  taken  at  3  K  for  SI-GaAs  inq>lanted  with  Pr  at 

3SI0  keV  with  a  dose  of  5  x  lO^^,  1  x  10^^,  or  5  x  10^  Vcr^  and  annealed 
at775‘‘C .  58 


widi  Pr  at  390  keV  with  a  dose  of  5  x  j  x  lO^^,  or  5  x  lO^^/cn^  and 

annealed  at  775  "C . 


16.  Photohimuiescaice  qiectra  taken  at  3  K  for  SI-Alo.aoGao  ^^As  inq>lanted 

with  Pr  at  390  keV  with  a  dose  of  5x10*^,  1  xlO*^,  or  ixlO^Vatf  and 
aimealed  at  725  *C .  60 

17.  Pbotoluminescence  spectra  taken  at  3  K  for  SI-Al0.50Ga0.50As  inq>lanted 

wifli  Pr  at  390  keV  wWi  a  dose  of  5  x  10^^^  1  x  lO^^,  or  5  x  lO^^/cnP  and 
annealed  at  725  *C .  61 

18.  Fbotohuninescence  spectra  taken  at  3  K  for  n-,  SI-,  and  p-Alo.15Gao.g5As 
implanted  with  Pr  at  390  keV  with  a  dose  of  5  x  lO^^  and  ann^ed  at 

775  “C .  64 

19.  Photohifflinescence  spectra  taken  at  3  K  for  n-,  SI-,  and  p-GaAs  inq>lanted 

with  Pr  at  390  keV  with  a  dose  of  1  xlO^^  annealed  at  775  °C .  66 

20.  Photohuninescence  spectra  taken  at  3  K  for  n-,  SI-,  and  p-Alo.50Gao.50As 
inq)lanted  with  Pr  at  390  keV  with  a  dose  of  5  x  lO^^  and  ann^ed  at 

725  •€ .  67 

21.  Fhotohiminescence  spectra  taken  at  3  K  for  SI-GaAs,  SI-Alo.15Gao.g5As, 
SI-Alo.3oGao.7oAs,  and  SI-Al0.50Ga0.50As  in^>lanted  with  Pr  at  390  keV 

with  a  dose  of  lO^Vcm^  and  anneal^  at  various  tenq)eratures .  69 

22.  Energy  levels  and  crystal  field  split  states  of  Pr^-*-  in  Al^Gai.^As  conq>ared  to 

semiconductor  host  bandgi^ .  73 

23.  Photoluminescence  spectra  taken  at  3  K  for  SI-Al0.10Ga0.90As  and 
Alo.20Gao.goAs  iiiq>buited  with  Pr  at  390  keV  with  a  dose  of  1  x  lO^Vcm^ 

and  annesjed  at  750  ®C .  74 

24.  Behavior  of  the  0.779  eV  peak  of  Sl-AIo.i5Gao.g5As:Pr  with  Ar'*'  laser 

power .  76 

25.  Photohiminescence  q)ectra  taken  at  various  tenqieratures  for  SI-GaAs  in^lanted 

with  Pr  at  390  keV  with  a  dose  of  1  xlO^Vcm^  and  annealed  at  775  ..  84 

26.  PlKXoluminescence  spectra  taken  at  various  tenq>eratuies  for  SI-Alo.15Gao.g5As 
implanted  widi  Pr  at  390  keV  with  a  dose  of  SxlO^^/cm^  and  annejiled  at 

775  "C .  86 


vii 


27.  PbotoluminMceiice  qwctra  taken  at  varitxis  tai4)ei:atiires  for  SI-Alo.30Gao.70As 
hnplanlBd  with  Pr  at  390  keV  witii  a  dose  of  5  x  lO^Vcno?  and  annealed  at 

725  “C .  88 

28.  The  temperature  bdiavior  of  the  integrated  luminescence  intensity  of  peaks  C, 

Q,  and  HLl  in  SI-Alo.i5Gao.85As:Pr  implanted  with  Pr  at  390  keV  with  a  dose 
of  5  X  10^2/cii^  and  aimealed  at  775  “C .  90 

29.  The  toEpaature  behavior  of  the  integnued  luminescence  intensity  of  peaks  C 

and  Q  in  S[-Alo.i3Gao.g5As:Pr  with  lin^  fitting  to  Eq  (18)  with  =9.6  meV 
for  peak  C,  and  with  Ei  =  1.4  meV  and  E2=6.0  meV  for  peak  Q .  91 

30.  Hie  tenperature  behavior  of  the  integrated  luminescence  intensity  of  peaks 
C  and  Q  in  SI-GaAs:Pr  with  lines  fitting  to  Eq  (18)  with  Ei  =  1.2  meV  and 
E2=22.5  meV  for  peak  C,  and  E|=2.2  meV  and  E2=28.9  meV  for 

peakQ .  92 

31 .  The  tenperature  behavior  of  the  integrated  luminescence  intensity  of  peak  C 

in  SI-A]o.3oGao.7oAs;Pr  with  lines  fitting  to  Eq  (18)  with  Ej  =5.6  meV ...  94 

32.  Selective  excitation  luminescence  intensity  at  3  K  for  peak  C  in  SI- 
Alo.15Gao.gsAs  inplanted  with  Pr  at  390  keV  with  a  dose  of  5  x  lO^^/cm^ 

and  annealed  at  775  ®C .  99 

33.  Selective  excitation  luminescence  intensity  at  3  K  for  peaks  C  and  Q  in  SI- 

GaAs:Pr  inplanted  with  Pr  at  390  keV  widi  a  dose  of  1  x  lOi^/omZ  ^ 
annealed  at  775  "C .  100 

34.  Concentration  profiles  of  Er  and  Pr  inplanted  into  Alo.isGao.gsAs  as  used 

in  the  dual-dopiip  study .  104 

35.  PL  spectra  taken  at  3  K  from  SI-GaAs  implanted  with  Pr  at  390  keV  widi  a 

dose  of  1 X  lO^Vcn^,  Er  at  1  MeV  with  a  dose  of  5  x  and  both  Pr 

and  &  and  annealed  at  750  ®C .  105 

36.  PL  spectra  taken  at  3  K  fixmi  SI-GaAs  inplanted  with  Pr  at  390  keV  with  a 

dose  of  1 X 10^  Vcn^  and  Er  at  1  MeV  with  a  dose  of  5  x  lO^VcnP  and  annealed 
at  various  traperatures .  106 

37.  PL  pectra  taken  at  3  K  from  SI-Alo.isC^).gsAs  inplanted  with  Er  at  1  MeV 

with  a  doses  of  1  x  10^  Vcrh^  and  5  x  10^  Vcm^  with  and  wifimt  Pr  at  390  keV 
widi  a  dose  of  1  x  lO^Vcr^  and  annealed  at  750  **€ .  107 


viii 


38.  ¥L  spfxtn  taJcra  at  3  K  from  SI-AIq.is^.ss^  iiq>lanled  with  Pr  at  390  keV 

widi  a  dose  of  1  x  lO^Vcni^,  Er  at  1  MeV  with  a  dose  of  Sx  10>Vcii^,  and  Ix^ 
Pr  and  Er  and  annealed  at  750  **€ .  109 

39.  PL  spe^ra  taken  at  3  K  from  SI-Alo.aoGao  tqAs  implanted  with  Pr  at  390  keV 

with  a  dose  of  1  x  lO^Vcn^,  Er  at  1  MeV  with  a  dose  of  5  x  lO^Vcm^,  and  both 
Pr  and  Er  and  aimealed  at  700  °C .  110 

40.  PL  spectra  taken  at  3  K  fix)m  SI-Alo,5oGao.5oAs  implanted  with  Pr  at  390  keV 

with  a  dose  of  1  x  10^ Vcm^,  Er  at  1  MeV  with  a  dose  of  5  x  10^ VcnP,  and  bodi 
Pr  and  Er  and  annealed  at  700  .  Ill 

41 .  PL  spectra  taken  at  3  K  from  SI-Al^Gai.^As  with  x==0.00,  0.  IS,  0.30,  and  0.50 

iiiq>lanted  with  Pr  at  390  keV  with  a  d(^  of  1  x  lO^^/cm^  and  Er  at  1  MeV  with 
a  dose  of  1  x  lO^Vcn^  and  annealed  at  various  tenq)eratures .  112 

42.  PL  spectra  taken  at  3  K  from  SI-Al^Gai.^As  with  x=0.00,  0.15,  0.30,  and  0.50 

in^lanted  with  Pr  at  390  keV  with  a  dose  of  1  x  lO^^/cn^  and  Er  at  1  MeV  with 
a  dose  of  5  x  lO^VcnP  and  annealed  at  various  tenqieratures .  113 

43.  Concentration  profiles  of  C  and  Pr  implanted  into  Alo.isGao  g5As  as  used  in  the 

codq>iQg  study .  117 

44.  PL  spectra  taken  at  3  K  of  SI-GaAs  inq)lanted  with  Pr  at  390  keV  with  a  dose  of 

lO^^/cm^  and  codoped  with  B,  C,  N,  O,  or  F  at  energies  indicated  with  a  dose 
of  lO^Vcn^  and  amiealed  at  800  °C .  118 

45.  PL  spectra  taken  at  3  K  of  Sl-Alo.^Gao  g^  inqplanted  with  Pr  at  390  keV 

with  a  dose  of  lO^Vcn^  and  Pr  codoped  with  B,  C,  N,  O,  or  F  at  energies 
indicated  with  a  dose  of  lO^VcnP  and  annealed  at  775  .  119 

46.  ManTech  GaAs  Solar  Cell  Structure  used  for  Electroluminescence .  120 

47.  Mesa  Diode  Structure  for  GaAs:Pr  Electroluminescence  E;q)eriments  ....  121 

48.  j^ctrohuninescence  and  Photoluminescence  from  GaAs:Pr  Cell  #1 .  123 

49.  Above  Bandgap  Excitation  Process  of  Pr  Luminescence  in  Al^Ga^.^As ...  129 

50.  Process  Diagram  for  the  Pr  Excitation  Mechanism  in  Al^Ga^.^As .  130 

51.  Bound  Exciton  Recombination  Energy  Transfer  Processes .  134 


ix 


LiatofTiMcs 


Tdile  Page 

1.  Enogy  Level  Tom  Splittings  fiv  Iittegral  J .  10 

2.  The  Rate  Eardi  Elements .  12 

3.  Praseodymium  Energy  Levels .  13 

4.  Crystal  Itmic  Radii .  14 

5.  Significant  Ptqiers  <mi  Eibhim  in  Soniconductors .  17 

6.  Significant  Piq)ers  <m  Praseodymium  in  Semiconductors .  24 

X 

7.  Praseoftymium  Implant  List .  32 

8.  Praseodymium  Implant  Characteristics  (390  keV) .  33 

9.  PL  and  SEL  Eiqxarimental  ,^)paratus  list .  38 

10.  Abscnptkm  Coefficients  for  Aigon  Laser  light .  40 

11.  Optimal  RTA  Tmnperatures  for  PL  from  Pr  in  SI-AlxGai.;(As  Annealed 

fin  15  seconds .  56 

12.  Optimal  Pr  Dose  for  PL  from  Pr  in  Sl-Al^Gai.^As .  62 

13.  Main  Fr^^  PL  Emission  lines  in  Sl-Al^Gai.^As .  71 

14.  ActivatkMi  Energy  Parameters  for  Pr  PL  in  SI-Al^Gai.^As .  95 

15.  &i»ian  imphmt  Characteristics  (1  MeV) .  103 

16.  Pr  uid  Codope  Element  In^lantatitm Characteristics  in  Alo  i5Gao.gsAs...  116 

17.  ^unmary  of  Significant  Findings .  125 

18.  Pair  l^ims  of  Pr^-*- Energy  Levels .  136 


X 


A 

AlWMKnairlOiiietm) 

AlamiBBin  GaUinm  Anenide,  x>Al  mole  fractkn 

BB 

Bnmwt 

C 

Cuban 

•c 

Cdsins  d^rees 

CB 

Conduction  Band 

CL 

Cadiodohiininesoence 

DAP 

Donor-Accqitor  Pair 

DLTS 

Deq»  Level  Tranaient  ^>ectio8coi^ 

EL 

Electnduiiiineaoence 

EPR 

Election  Paramagnetic  Resonance 

Er 

EiMum 

ESR 

Ekctton  ^>m  Reaonance 

eV 

Electron-viHt 

F 

PhioriiiB 

FB 

Pree-to-Boiind 

GaAs 

Qallinm  Arsenide 

QaP 

Gallium  Pfao^bide 

bP 

Indium  Pboqphide 

K 

Kelvin 

LED 

light  Emitting  Diode 

LPE 

li^rid  Phase  E^Mtai^ 

P 

Micron  (10^  meters) 

MBE 

Mtdecoiu  Beam 

meV 

Millidectron-vrdt 

MOCVD 

Kfetidorganic  Chemical  Vapw  Dqjositkm 

N 

Nitiogm 

Nd 

Neodymium 

nm 

Nanmneter  (10'^  meters) 

0 

Oxygen 

PC 

PencHud  Computer 

PL 

Photbummeacenoe 

PLCT) 

Phottduminescuice,  Tenq)erature-dq>eodait 

PLE 

Phottduminesceoce  Excitation  (same  as  SEL) 

Pr 

Praseodtymhun 

BBS 

Rudierfind  BadEScattering  Spectroscqpy 

RE 

Rare  Eard)(s) 

SEL 

Selective  Excitation  Luminescence 

SEM 

Scanning  Electron  Microscope 

Si 

SQicoa 

SIMS 

Secondary  Icm  Mass  Spectrometry 

TDH 

Tenqperaiure-dqiuident  Hall  Measuremuit 

TEM 

Transmission  Etectron  Microscope 

lb 

Thulium 

VB 

Valence  Band 

VPE 

Vapor  Phase  ^ntaxy 

Yb 

Ytteibium 

Abstract 


Rare  earth  (RE)  eleiiieiits  in  semiconductors  are  interesting  because  their  main 
huninescence  emissitnis  are  essentially  temperature  and  host  independent. 
Additionally,  smne  of  these  emissions  occur  in  technologically  valuable  regions  of  the 
infrared  (IR)  spectrum,  but  luminescence  intensities  obtained  from  R£-doped 
semiconductors  have  been  very  weak.  This  study  on  praseodymium  (Pr)  luminescence 
in  Al^Gai.^As  was  designed  to  enhance  the  understanding  of  the  excitation  mechanism. 

Pr  was  inq)lanted  at  390  keV  with  doses  from  5  x  10^^  to  5  x  lO^^/cm^  into  GaAs 
and  Al^Gai.^As  (x=0.15  to  0.50)  wafers  which  were  annealed  using  the  r^id  themuil 
annealing  (RTA)  metlKxl.  Low  temperature  photoluminescence  (PL)  was  conducted 
using  an  Ar-ion  laser  and  Ge  detector.  PL  emissions  of  Pr  from  all  hosts  include  peaks 
near  1.3  and  1.6  ^m  which  are  assigned  to  the  intra-4f  transitions  of  ^G4->3H5  and 
3F3-»3H4,  respectively.  For  differing  hosts  the  (^>timal  RTA  temperature  varied  from 
725  to  775  ®C  and  optimal  ion  dose  varied  between  lO^Vca?  and  5  x  lOi^/carf. 

The  intensity  of  PL  emissions  dqiends  strongly  on  the  A1  mole  fraction.  For 
GaAs,  the  1.3  ^  emissions  ate  strongest,  whereas  for  all  AlGaAs,  the  1.6  ^m 
emissions  are  by  far  the  strongest.  Selective  excitation  luminescence  (SEL) 
ejqieriments  revealed  that,  in  general,  the  Pr-related  PL  intensity  is  quenched  when  the 
excitation  laser  energy  is  decreased  below  the  value  of  the  host  free  exciton  energy. 
Temperature  dependent  PL  studies  revealed  activation  energies  of  Pr-related  traps. 
Coinq)lantation  of  Pr  with  Er  or  lighter  elements  including  B,  C,  N,  O,  and  F  all 
proved  to  quench  the  Pr  luminescence. 

An  excitation  model  proposes  that  Pr  luminescence  can  occur  when  the  Pr  can 
successftilly  trap  free  carriers  and  form  bound  excitons.  When  the  bound  exciton 
recombination  energy  is  well-matched  to  the  4f  energy  levels  either  in  combination  or 
singly  with  Auger  process  assistance,  strong  Pr  emissions  can  occur. 


xii 


THE  EXCITATION  MECHANISM  OF 
niASEODYMIUM-DOPED  SEMICONDUCTORS 


I.  Tntmdiicrinn 

For  over  a  decade,  researchers  have  pursued  the  goal  of  efficiently  producing 
light  frmn  semiconductors  doped  with  rare  earth  (RE)  elements.  Motivated  by  the 
possibility  of  fiibricating  RE-based  LEDs  and  lasers  operating  at  technologically 
valuable  wavelengths,  they  have  e;q>lored  the  luminescent  properties  of  REs  and 
prq)osed  excitation  models  to  explain  the  r^ults.  However,  the  goal  of  a  practical  RE- 
based  LED  still  eludes  conq)letion.  Therefore,  this  research  continues  and  expands  the 
understanding  of  RE  behavior  in  semiconductors. 

MotivatiQD 

REs  rqpresent  a  potentially  valuable  technology,  because  their  emissions  are 
very  insensitive  to  the  host  type  and  tenq)erature,  and  many  of  these  emissions  occur 
near  the  inqmrtant  wavelengdis  of  minimum  attenuation  and  dispersion  in  silica-based 
fiber  optics.  Semiconductors  are  the  choice  as  host  material  since,  as  injection  mode 
dkxJes,  they  can  electrically  punq)  RE  luminescence. 

Researdiers  have  woriced  primarily  on  the  REs  erbium  (Er),  ytterbium  (Yb), 
and  neoifymium  (Nd),  but  praseodymium  (Pr)  has  received  conq)aratively  little 
attention  even  though  it  has  shown  promising  luminescent  characteristics.  This 
e}q)erimental  investigatkm  is  dnis  centered  around  increasing  the  understanding  of  the 
excitation  medianism  of  praseodymium  in  semiconductors. 


A  primary  technological  motivation  for  the  effort  proposed  in  this  work  is  that 
smne  infrared  emissions  fixHn  REs  coinckte  with  absorption  minima  for  silica-based 
jfiber  optics.  In  a  1979  pt^r,  Miya  and  (Mhers  described  the  transmission  loss  in  silica- 
based  critical  fibers  (Miya  et  al.,  1979:106).  The  minimum  transmission  loss  is 
attained  at  wavelengdis  near  1.55  microns  while  other  lesser  minimums  occur  at  1.2 
and  1.3  microns.  In  addition,  the  minimum  dispersion  in  silica-based  fibers  is  at  1.3 
mkrons  (Pomrenke  et  al. ,  1991b:415).  The  interest  in  certain  RE  elements  is  derived 
fixmi  diese  q;)tical  fiber  characteristics.  Erbium  has  been  shown  to  emit  at  about  1.54 
microns  in  several  semiconductors  (Ponnenke  et  al.,  1989:339;  Ennen  et  al., 
1983:943;  Pomrenke  et  al.,  1991b:415),  while  neodymium  has  emission  line  at  1.1 
microns  in  GaP  and  GaAs  (Muller  et  al.,  1986:2210).  Praseodymium  has  1.1,  1.3, 
and  1.6  micron  emission  lines  in  GaAs  and  1.3  micron  lines  in  InP  (Pomrenke  et  al. , 
1991a:  159).  Thus  efficient  electro-<^tical  RE-based  luminescent  devices  operating  at 
wavelengths  would  be  ideally  suited  for  systems  using  fiber  optics. 

The  use  of  RE-d(q)ed  semiconductors  can  then  t^n  up  many  opportunities  for 
new  <q>toelectronic  device  ^>plications.  Light-emitting  diodes  (LEDs)  and  lasers  based 
on  REs  as  the  active  media  could  be  integrated  direcdy  onto  electronic  chips  as  near- 
perfect  optical  fiber  communications  emitter  sources.  Optical  fibers  could  then  serve 
as  connections  between  these  thermally  robust  devices.  Light-emitting  diodes  operating 
at  these  wavelengths  have  been  fabricated  for  several  semiconductor/rare  earth 
combinations  and  growth  methods,  however  the  reported  efficiencies  are  far  below  that 
required  for  device  ai^lications  (Dmitriev  et  al.,  1983:1201;  Roland  et  al.,  1988:956; 
Klein  et  al. ,  1990:1299;  Whitney  et  al. ,  1988a:740). 

The  application  of  this  basic  research  is  directed  toward  the  long  range 
develt^nnent  of  device  technology  for  various  optoelectronic  and  photonic  devices  in 
AF  avionics  and  otiier  electronics.  The  tenqierature  independence  of  RE  emissions  is 
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hnpOftMi  in  devioet  soli^  to  dwnml  Qrcling  <v  higher  temperanire  e&vhomnentB. 
niitte  die  narrow  linewiddi  afforded  by  RE  himinescence  allows  high  bandwiddi 
modulatkm.  These  effects  demcmstrate  die  desirability  of  narrow  RE  onisskm  lines  in 
AF  electnMiics  and  communicatkMis. 

ProMan  StuemcDt 

An  m^ortant  task  on  the  way  to  efficient  RE-dc^wd  senuconductor  devices  is 
the  optimization  of  the  luminescent  efficiency.  In  mder  to  (q)timize  luminescent 
efficfency  in  these  materials,  a  correct  understanding  of  the  mechanisms  by  which  die 
energy  is  transferred  from  the  lattice  material  to  die  rare  earth  inpirities  is  needed.  In 
order  to  understand  this  excitation  mechanism,  basic  research  into  the  energy  dynamics 
of  the  rare  earth  luminescence  in  semiconductors  is  required.  This  effort  consists  of 
basic  research  into  the  nature  of  the  rare  eardi  element  praseodymium  in 
semiconductors.  The  ultimate  goal  is  to  understand  the  excitation  mechanism 
sufficiendy  well  to  selectively  and  significandy  enhance  die  luminescent  efficiency. 

Ajipmarh 

The  main  objective  for  diis  research  was  to  eiqiand  the  number  of  RE  elements 
eiqilored  in-dqith.  All  efforts  were  pointed  toward  a  b^r  understanding  of  the  RE 
excitation  mechanisms.  Specifically,  praseodymium  was  investigated  in  a  manner 
closely  paralleling  earlier  eibhim  research.  This  parallel  research  allowed  direct 
conqiarison  of  results  and  excitation  theories  which  will  hc^fiilly  benefit  both  RE 
research  padis.  Comparisons  revealed  common  characteristics  which  may  provide  a 
framework  fin:  fiirdier  research. 

In  order  to  examine  Pr,  eiqierimental  data  was  gadiered  from  Pr  inqilanted  into 
several  difGnent  types  of  semiconductor  hosts.  Much  information  was  gleaned  by 
comparing  and  cmttrasting  the  bdiavior  of  Pr  in  these  different  host  lattfees. 


Praseodymium  was  incorporated  into  3  main  host  semictmductor  materials  including 
gallium  arsenide  (GaAs),  several  vanants  of  aluminum  gallium  arsenide  (AlGaAs),  and 
silicon  (Si).  The  Pr  luminescence  dbaracteristics  were  studwd  based  on  anneal 
temperature,  Pr  inqplant  dose,  host  type,  host  carrier  type,  sairq>le  tenqierature,  and 
excitation  energy.  These  results  were  analyzed,  cmiqnred  to  previous  went  in  REs, 
and  used  to  formulate  a  consistent  excitation  mechanism  f(n‘  Pr. 

nufline 

This  dissertation  is  organized  into  several  parts  which  sequentially  present  a 
review  of  the  background  and  previous  woiic  on  rare  earths  and  the  results  and 
conclusions  of  this  effort.  First,  die  background  of  solid  state  jdiysics  related  to  this 
work  is  reviewed  in  cluqiter  n.  Chapter  m  summarizes  die  previous  work  done  on  the 
rare  earths  Er  and  Pr  in  semiconductors.  The  rn^bods  for  growdi,  preparation,  and 
characterization  of  the  sanqiles  are  discussed  in  duqiters  IV  and  V.  The  results  of  this 
present  effort  are  documented  in  chapter  VI,  while  the  conclusions  and 
recommendations  are  detailed  in  the  final  chapter. 
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n.  EACKastauHD 


Tlie  ioqKMlant  propoties  of  8onicoficlu^<»s  are  not  eittirely  based  in  dieir  native 
duracter^tics,  but  (m  die  dramatic  effects  broi^  on  by  inqHiiities  in  the 
semictniductOT  lattices.  It  is  inqxwtant  then  to  briefly  outline  the  nature  of  these 
inqiurity  effects. 

■<limiicntidiirtnr  Kneryy  Banda  and  fmpuririeM 

The  electrcmic  structure  of  a  perfect,  pure  crystalline  solid  consists  of  allowed 
energy  bands  (a  groiqi  of  nearly  continuous  energy  levels)  sqiarated  by  forbidden 
energy  g^ps.  The  distributkMi  of  electrons  in  these  bands  is  described  by  the  Fermi- 
Dirac  distributkm  and  the  deisity  of  allo^n^  states  function  (Pankove,  1971:6-7).  The 
valence  band  (VB)  and  conduction  band  (CB)  play  the  critical  role  in  deermining  die 
characteristics  of  semicoiiductors.  Sqiaradng  the  VB  and  CB  from  each  other  is  the 
fundamental  energy  gap  or  bandgiqp.  fri  an  idealized  semiconAictor  at  tengieratures 
vey  near  0  K,  etoctrons  conqiletely  fill  all  VB  states  while  the  CB  is  entity  allowing 
no  conductkm  of  electrcms  in  the  crystal. 

hi  Figure  1,  eiergy  band  du^rams  for  an  insulator,  a  semiconductor,  and  a 
metal  are  crmqiared.  In  this  figure,  the  atomic-like  core  bands  are  shown.  Eg  is  the 
bandgqi,  and  Cf  is  the  Fermi  Energy  level.  SemiconductOTs  have  a  bandgiqi  small 
enough  for  stmie  VB  electrons  to  junqi  to  the  CB  widi  reasonable  thnmal  energy  while 
insulat(»’  bant^^is  are  so  large  as  to  pose  an  effective  barrier  between  die  bands.  In  a 
metal,  ctmductkm  of  electrons  takes  place  in  the  partially  filled  CB. 

hi  a  perfect  semiconductor  crystal,  defects  in  die  lattice  or  die  introduction  of 
impurities  (atoms  diffoent  from  the  h(»t)  break  the  perfect  lattice  periodicity  and 
introduce  localized  states  n^iich  decay  quickly  with  distance  outside  a  limited  set  of 
ne^hbwiitg  hdtioe  atotm.  These  localized  inqwrity  states  manifest  themselves  as 
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Figure  1.  Energy  Band  Dtagrams  for  an  (a)  Insulator,  (b)  Semiconductor,  and  (c) 
Metal  (after  McKelv^,  1984:246) 

allowed  mngy  states  whfain  die  'forbidden'  raergy  gap,  intermediate  between  the  CB 
and  VB  of  the  host  oystal.  These  eimgy  states  profoundly  affect  the  electrical  and 
optical  characteristics  of  the  semicmiductor. 

Single  inqiurities  thnnselves  may  be  classified  according  to  their  physical 
position  in  the  lattke.  A  substitutional  inqiurity  atom  replaces  a  host  atom  at  its 
miginal  she  udiile  an  inierstitial  inqHirity  atom  is  situated  between  the  sites  of  the  host 
lattice  possibly  disnqhing  the  native  atom  bondings  and  local  crystal  structure.  The 
substitutional  inqrarities  can  be  further  classified  by  dieir  electron  configuration  relative 
to  the  rqilaced  host  atom.  InqMirity  atoms  firom  die  same  cohinm  of  the  periodic  table 
as  die  host  atmns  are  isovalent  or  isoelectronic  impurities  (having  the  same  number  of 
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vakaoe  ckctroos  as  die  iqplaoed  hod  atom).  Ncm-isovalem  impunty  atoms  have  nxxe 
ot  leas  valenoe  etectrona  than  required  to  fullBll  local  bcrndhig  requirements.  If  die 
subadlutkxial  inqmiQf  has  more  dectrcms  dian  necessary  for  bmiding.  it  is  called  a 
donor  riuoe  ioflined  electrons  are  doomed  to  die  CB.  Fewer  electrons  dian  required  by 
bonding  nudaea  am  mpuri^  m  accquor,  diat  is,  it  can  accept  electrons  from  the  VB. 
Impurities  udikh  radiaie  light  are  typically  rented  to  as  radiative  centers. 

The  energy  levels  of  submitutioiial  inqwrities  in  die  lattice  are  defined  by  dieir 
ionfaitinn  qiergies  compared  to  die  band-edge.  The  conventional  positions  of  these 
dcmor  and  aocqMm  levels  finr  various  impurities  in  GaAs  ate  shown  in  Figure  2.  If  the 
neutnd  imporhy  is  a  donor,  it  is  kmized  by  rdeasing  its  loosely  bound  electrcm  to  the 
condnrtioD  bmid.  SWlarty,  die  acoquor  kmizatkm  cOTtesponds  to  die  emission  of  a 
hcde  to  foe  VB  (or,  equivalently,  die  oqiture  of  a  VB  electnm  by  die  inqHirity)  fcmning 
a  n^adve  km  stale,  hi  hodi  cases,  die  kmization  amgy  defines  the  energy  level  of  the 
sifostitutional  donor  or  acceptor  in  die  miergy  gq>  of  die  host  hutke.  Donor  energy 
levt^  are  plaoed  bdow  foe  CB foe  amount  of  foeir  ionizatxm  energy,  while  accqifor 
levda  are  above  foe  VB  foeir  kmizatkm  enngy. 
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Wadiarive  and  Wrm-Wadtttiva  TratwiriniM 


The  transitkmB  of  electnras  betwetm  allowed  energy  states  in  the  lattice  may  be 
radiative  ({voduciiv  a  i^kmihi)  or  ncMi-radiative  (releasing  the  energy  in  some  f(»m 
other  dum  light).  Radiative  transitions  can  take  place  via  a  variety  of  paths,  typically 
across  die  ooergy  gq>  or  to  inqNirity  states  widiin  the  energy  gap.  These  transitions 
may  be  CB  to  VB,  CB  to  acceptor,  or  just  about  any  shift  of  an  electron  between 
energy  levels  in  the  lattice.  Several  texts  extensively  document  the  many  possible 
emissive  transitions  and  the  associated  energies  (Boer,  1990:1008-1038;  Pankove, 
1971:107-155). 

ExcihHis  deserve  special  mention  because  diey  represent  a  particularly  inqwrtant 
process,  eqiecially  widi  respect  to  RE  luminescence.  When  a  lattice  absorbs  energy 
sufficient  to  push  electrons  fnnn  die  VB  to  die  CB,  free  CB  electrons  and  dieir 
associated  VB  holes  are  cremed.  Excitons  consist  of  an  electron  and  a  bole  paired  off 
by  coulomb  interaction  in  which  the  electron  and  hole  orbit  around  their  center  of 
mass.  Free  excitons  can  wander  through  the  crystal  uittil  c^tured,  dissociated,  or 
recondimed.  When  excitons  are  ctqitured  by  inqiurities  (becoming  bound  excitons), 
diey  can  recombine  to  preferentially  punqi  energy  into  lattice  impurities.  This  is  a 
main  mechanism  theorized  for  rare  earth  excitation  in  semiconductors. 

An  electron  can  drop  to  an  available  hole  state  by  other  than  radiative  means. 
These  ixm-radiative  {vocesses  can  sometimes  dominate  radiative  processes  making 
diem  of  critical  imerest  to  smniconductor  luminescence  studies.  Major  non-radiative 
processes  include  Ai^er  processes,  transitions  dirougfa  localized  states,  and  multi- 
phmKm  processes. 

In  die  Auger  effect,  die  energy  from  die  electron-hole  recombination  can  be 
absorbed  by  a  diffinent  electron  and  then  dissipated  through  phonon  emission.  A  great 
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viiilQr  of  Aafv  pioeesaes  ue  ponMe,  and  the  pievioiBly  mentionBd  radiative 
tfMirinm  flHQr  oou|de  to  phooona  dirou^  a  secondary  electnm  tenqMrarily  elevated  in 
energy  fai  its  bud  (Paidoove,  1971:161). 

Non-radiative  recondunation  may  ateo  occur  dnough  localized  defects  which 
(MToduce  a  local  cmitinuiim  of  states  between  die  bands.  These  localized  defects  may 
hidiide  idiyncal  defied  in  die  crystal  such  as  pores,  edge  boundaries,  and  dislocations. 
When  an  electron  moves  into  this  defect  it  looses  its  energy  via  this  continuum  of 
stmes. 

Traps  rqnesent  another  imfKHtant  tradition  effect.  Traps  are  inqiurity-related 
metastable  stales  (typically  ntm-radiative  deq>  levels)  which  can  capture  an  electron  or 
hole  firmn  a  higher-energy  state  and  retain  it  for  a  considerable  time  at  die  end  of  which 
die  electnm  or  hole  is  released  back  to  the  higher-energy  state  (Pankove,  1971:370). 
The  electrcm  can  dien  make  a  transitkm  to  a  lower-energy  state  via  a  radiative  or  non- 
radiadve  process.  Thus  tn^  in  semiconductors  can  result  in  delayed  luminescence  and 
afterglow  himinesccmoe  by  holding  potentially  luminescent  electrons  in  state  for  a  time. 

The  energy  transfer  and  excitation  mechanisms  of  outer  or  valence  electrons  of 
atrmis  in  soniconductors  are  thus  relatively  well  understood.  The  process  which  allows 
eaagy  to  transfer  to  inner,  well-diielded  rare  earth  electron  states  and  fEicilitates  (^idcai 
transidons  of  interest  in  RE  atoms  is  fu:  from  being  well  understood. 

The  Crystal  Firid 

Hie  symm^ty  of  the  location  in  whkh  a  RE  resides  in  the  host  lattice  dictates 
die  sfditting  of  die  enngy  levels  and  thus  die  raunber  of  luminescent  transitions.  The 
uergy  level  toms  for  the  RE  refer  to  the  free  km  energy  levels.  These  free  ion  energy 
levels  have  a  2J+1  d^ueracty  associated  with  the  symmetry  of  isotrqiic  3-dimensional 
^Mce.  When  this  free  km  is  placed  in  a  host  lattice,  the  symmetry  is  reduced  and  the 
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TABLE  1 


Energy  Levd  Term  ^dittings  for  Integral  J 
(after  DiBartok).  1968:203) 
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native  crystal  field  will  lift  smne  (v  all  of  this  degeneracy  fherd>y  splitting  these  ftee 
km  energy  levels.  The  number  of  ^lit  levels  may  be  predicted  using  groiqt  teeoretical 
meftKxls  based  <m  die  host  crystal  lattice  symm^ry  and  the  symmetry  of  ftee  qwce. 

The  flitting  of  diese  energy  levels  may  be  observed  direcdy  in  PL  spectra  as 
nult^le,  relatively  closely  spaced,  groiq»  of  emission  lines  corre^nding  to 
transitkms  between  the  crystal  field  q)lit  ion  energy  terms.  A  very  conq>lete  tabulation 
of  the  number  of  perturbed  energy  levels  arising  ftom  J  value  deconq)ositions  in 
diffinent  symmetry  groiq>s  has  been  ccmip^ed  Prather  (leather,  l%l;Table  9,38- 
43).  A  summary  of  energy  term  splits  for  integral  J's  is  given  in  Table  1.  As  an 
muonpte,  dm  ground  state  of  trivalent  praseodymium  is  3H4  (J=4)  and  another 
termination  state  ftv  an  inqxHrtaitt  transition  is  ^5  (J=S).  In  a  crystal  with  cubic 
ff^nmietty  such  as  GaAs  in  vdiich  die  Pr  ion  ocaq>ies  a  lattice  site,  each  of  these  is  split 
into  4  enngy  levels.  For  cases  in  whidi  only  the  lowest  iqpper  level  state  is  occupmd, 
only  4  transftkms  would  occur  to  the  states  of  these  levels. 

hi  genoal,  fown*  qnmnetry  always  inq>ltes  the  same  or  increased  numbers  of 
levels  alk>wii%  larger  numbers  of  transititms.  It  is  also  inqDortant  to  note  that  this 
mediod  gives  no  inftnmatkm  about  die  energy  level  spacings  of  these  crystal  fteld  split 
levels,  (mly  die  nundier  of  levels  arising  is  given  by  group  theory. 
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EaiEirtliKiBBBiii 

As  isrevioiisty  mentkmed,  rare  eartl^  in  semiconductors  are  technologically 
important  due  to  die  insensitivity  of  4f  electron  transitions  to  ten^erature  and  host 
semiconductor  type.  All  rare  eardis  share  a  closed  set  of  inner  electron  shells  through 
4dio  (equivalent  to  Palladium  or  Pd)  which  do  not  participate  in  the  transitions  of 
interest.  In  the  nnitral  attnnic  state,  rare  earths  have  an  electronic  configuration  of 

[Pdl4f»5s25p<56s2.  (1) 

Cerium,  gadolinium,  and  hitetium  also  have  a  single  Sd^  electron  in  this  electron 
configuration.  Note  diat  the  Ss^  and  5p^  shells  are  filled  and  are  part  of  the  xenon-like 
electronic  basis  of  REs  (Table  2).  Table  2  also  lists  the  spectroscopy  term  symbols  for 
the  ground  state  configurations  in  the  standard  form  2S+iLj  in  which  S  is  the  atomic 
spin,  L  is  the  rotational  angular  momentum,  and  J  is  the  total  angular  momentum.  All 
rare  earths  share  a  main  valence  state  of  3  (the  number  of  easily  removed  electrons). 
These  trivalent  (triply  ionized)  RE  ions  have  an  electron  configuration  of 

[Pd]4f»«-»5s25p6.  (2) 

in  which  the  6s2  shell  and  one  4f  electron  i»rtic4>ate  in  the  bonding.  As  before,  the 
minor  exceptions  are  cerium,  gadolinium,  and  lutethun  with  trivalent  form  of 
4f>Ss2Sp^,  where  the  Sd^  electron  is  lost  instead  of  the  4f>. 

In  the  crystal  lattice,  the  unfilled  inner  4f  electron  shell  of  trivalent  RE  elements 
is  screened  by  the  outer  Ss2  and  Sp^  shells.  This  screening  allows  only  very  small 
lattice  field-induced  changes  to  the  4f  shell  energy  levels.  Since  the  4f  electron  shell  is 
partially  empty,  intra-4f  shell  transitions  to  higher  unocciq>ied  4f  states  may  take  place. 
The  wavelei^ths  of  interest  emanate  from  tiiese  intra-4f  shell  (qttical  transitions.  The 
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TABLE  2 

The  Rare  Earth  Elements 


AtMric 

Bmiirt 

Symbol 

EloctraR  Coaflpiratioa 

Triply  lonind 
CoRfifrotlou 

Trivaloirt  Grotmd 
Stats  Torm 

58 

Ctrium 

Co 

(XoKf^5dV 

IXoMf^ 

^512 

59 

Pranodymium 

Pr 

IXoHf^Ss^ 

[Xol4f2 

3h4 

60 

NMidyinium 

■a 

IXoWf^ 

[Xol4f3 

%I2 

tm 

Promtthiuni 

Pm 

[XoHf^es^ 

IXoHf^ 

% 

62 

SanMriun 

Sm 

[XoKf^s^ 

[XoHf^ 

%I2 

63 

Europium 

Eu 

(XoKf^Ss^ 

IXoWf® 

'FO 

64 

GadoMum 

6d 

(XoKf^Sd'es^ 

IXoJ4f^ 

®S7B 

65 

Tariiium 

Tb 

[Xo|4f96s2 

(Xei4f<i 

'F6 

68 

Dysprosium 

Oy 

IXol4f106$2 

[XoHfS 

®”15C 

67 

IlnhoiTiiisi 

nQmMII 

Ho 

[Xo)4f^^6s2 

IXoWf’O 

5'8 

68 

Erbium 

Er 

{Xa]4f^26,2 

[XoMfl^ 

68 

Thiium 

Tm 

{Xol4f^%2 

(Xo]4f12 

\  1 

Yttorbium 

Yb 

lXol4f^^2 

lXol4fl3 

— 

Lutotium 

Lu 

[Xo)4fl^^8s2 

[XoWf^^ 

’s 

Note: 

[Xb]  -  Is22s2p83s2p6d’04$2p8d'°5s2p® 

outer  shell  screening  directly  results  in  the  very  sharp  host  matrix-independent  and 
tenq)erature-mdependent  optical  transitions  between  4f  energy  levels.  It  is  this 
prq)erty  of  the  mvariance  of  inner  trq)ly-ionized  4f  emission  wavelengths  which  may 
be  utilized  for  obtaining  light  emitting  (and  lasing)  devices  from  REs  introduced  into 
the  semiconductor  material. 

The  energy  levels  of  trivalent  RE  ions  have  been  calculated  and  presented  in 
books  by  Dieks  (Dieke,  1968:142)  and  more  recently  by  Reisfeld  and  Jorgensen 
(Reisfeld  and  Jorgensen,  1977:93).  The  energy  levels  for  praseodymium  are  shown  in 
Table  3.  Usually,  only  very  small  differences  in  RE  emission  wavelengths  are  seen 
between  differing  hosts. 
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TABLES 


Praseodymimn  &iergy  Levels  (after  Dieke,  68:196) 


bNigy  Laval 
TaraiSyariMi 

Fvaa  loa  Energy  abava 
Branad  Stata  laV) 

% 

2.062 

% 

1.207 

^4 

0.831 

0.779 

% 

0.610 

% 

0.525 

% 

0.265 

% 

0 

The  presence  of  REs  in  substitutional  sites  in  the  host  lattice  introduces  strain  as 
a  defect  into  the  lattice.  This  is  due  to  the  different  size  of  the  REs  con^pared  with  the 
host  atoms  diey  replace.  Table  4  lists  tte  radii  of  ions  of  RE  and  semiconductor 
constituents  of  interest  in  this  study.  Being  trivalent,  the  REs  typically  substitute  for 
the  grotq>  in  elements  in  semiconductors  (Ga  &  Al).  Pr^'''  is  significantly  larger  than 
either  the  Ga^'*'  or  the  Al^'*'  atom  it  replaces,  while  Er^'*’  is  only  slightly  larger  than 
Ga^'*'.  It  is  these  deviations  from  a  perfect  lattice  which  destroy  the  spatial 
symmetry  of  GaAs  and  AlGaAs  at  least  in  the  local  lattice  area  of  the  Pr  ion. 

The  relation  between  the  bandgi^  of  the  host  semiconductor  and  the  energy 
levels  of  the  rare  earth  dopant  is  also  critical  inqx>rtance.  Figure  3  shows  the  Pr3+ 
energy  levels  and  transitions  of  interest  in  conq>arison  with  the  host  bandgaps  used  in 
this  study.  Most  transitions  of  interest  are  smaller  than  the  bandgiy)  in  all  hosts  except 
for  Si  and  the  increased  complexity  of  tlM  Pr  energy  spectrum  below  2  eV  is  shown. 


TABLE 4 


Ciyital  Ionic  Radii  (Weast,  1984:F-16S) 


Ian 

0.51 

As*- 

2.22 

8a*+ 

0.81 

SJ*+.4- 

a42,2.71 

Pr*+ 

1.013 

&*+ 

0.881 

Brtrium  energy  levels  are  also  shown  for  ccnoparison.  This  large  number  of  energy 
l^ls  has  the  potential  for  a  very  diverse  emission  q)ectrum  limited  only  by  transition 
rules.  For  example,  die  P^'*'  3F3-^H4  transition  is  spin  fcnbidden  in  a  free  ion  state, 
but  peftiitbatiims  introduced  the  crystal  field  can  focilitate  this  transition. 


Host  Somicondiictor  Trivalent  Rare  Earth 
Bandgap  (LowT)  Energy  Levels 


Figure  3.  Host  Bandgq),  Trivalent  Pr,  and  Trivalent  Er  Energy  Levels 


m.  PREVIOUS  WORK 


Much  woik  has  been  done  on  rare  eardi  dements  in  semiconductm^.  inrimarily 
ovor  the  last  decade.  Although  the  vast  majority  of  research  has  conceittrated  on  Yb 
and  Er,  limited  research  has  also  been  done  on  Nd,  Pr,  and  a  few  others.  A  review  of 
past  w(Nic  on  the  rare  earths  erbium  and  praseodymium  and  bandgi^  engineoing  is 
presented  in  diis  ctuq>ter. 

Ffbhim 

Eibhim  (Er)  has  been  studnd  nearly  as  extensively  as  Yb.  A  summary  of  some 
hqportant  pi^rs  dealing  with  eibhim  is  given  in  Table  S.  Its  importance  lies  in  the 
internal  transition  ^  ^Iis/2  of  Er^'*'  (4f^0  producing  sharp  emissions  near  1.54 
microns.  This  luminescence  was  first  r^ned  by  Ushakov  et  al.  in  1982  for  GaP:Er 
and  GaAs:Er  (Ushakov  et  al. ,  1982:723).  In  both  cases  a  weak  luminescence  of  the  Er 
impurity  was  observed  in  the  form  of  a  small  maximum  whose  profile  indicated  that  it 
probably  represented  an  envelope  of  a  group  of  closely  spaced  unresolved  lines. 

The  first  observation  of  the  fine  structure  of  sharp-line  intra-4f  luminescence 
plectra  of  Er  in  semiconductors  was  reported  by  Ennen  et  al.  in  1983  for  Er  implanted 
in  GaP,  GaAs,  InP,  and  Si  (Ennen  et  al.,  1983:943).  Pomrenke,  Ennen,  and  Haydl's 
1986  piq)er  showed  that  the  PL  of  erbium  in  GaAs,  InP,  and  GaP  was  critically 
(^lendent  on  post-implantation  amiealing  temperature  and  times  (Pomrenke  et  al., 
1986:601).  An  exanq>le  of  their  amiealing  study  on  GaAs:Er  is  given  in  Figure  4. 
Their  data  showed  that  the  variation  in  host  semiconductor  and  treatment  allowed 
identification  of  numerous  lines  in  all  the  semiconductors  suggesting  the  existence  of 
several  difGnent  erbium-related  centers.  Pomrenke,  Yeo,  and  Hengehold  later  showed 
that  the  luminescence  signal  was  also  strong  from  the  ternary  material  Alo.4Gao.6As:Er; 
specifically,  stronger  than  that  from  GaAs:&  (Pomrenke  et  al. ,  1991b:41S). 
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TABLES 


Significaiit  Papers  on  Erimim  in  Semkcmductcm 


CMIm 

■mi 

Klaiiai 

■Mn 

BaanNa 

6aAik8iP 

laplsai 

n. 

1.54pina 

EhmuIW 

6al^8i,8#.laP 

baplaai 

n. 

a  ahaip  Ina  lunaasaGsnca  okasfvad 

Eimmu1966 

8i 

MBE 

a 

SEEr  in  damsnstralal,  bar  affidancy 

NMMka1906 

BaAi^fiaP.laP 

a 

OptinaaM  anaaaEap  fat  a  OH.  csntsrs 

UMMlIfle? 

GaAiklaP 

MOCVO 

a 

first  MOCVO  a  fnm  a 

B«aaw1M7 

6aAs 

LPE 

aHai 

la  GaAsiEf  bminaicanca  rsQuitas  annasino 

SHridwise? 

6aAt 

MBE 

a.  Hal 

Bast  Qraarth  tsnpacatura  and  concsntratbn 

Emm.  1967 

Bate 

MBE 

sa 

1  J4/<m  a  from  ona  Er^*  cantar  typa  in 
bss  than  cubic  synanatry 

2IIM.1988 

68As,laP 

Diffudaa 

a 

firstaOHfiiMna 

WritMV.  1988a 

6aAs 

MOCVO 

a 

MOCVO  GaAsfr  LEO  up  to  room  tamparatwa 

IWiai1988 

6aAs 

MBE 

a 

MBEGaAs£rlEDat77&  300K 

Khia,1988 

8lGaAi,laP,6iP 

Vviaus 

a 

1  msac  bsninaicant  ifatsno  in  al  hosts 

IflM 

MWIQBnHl  IVOQ 

6aAs 

MOCVO 

a 

Narrow,  high  intanity  Ins  aihonV/M  -  3 

Soloaioa,  1969 

biP 

m^Hnl 

puaiis 

bPfra&SNllSstudy 

6aAi.6alaAs,6alaAd>. 

BaAIAs 

PUSEM 

1 /an  amission  not  unHorndy  dnparsad, 
Er-tkh  rncropartkias 

Paani*ib1980 

GaAi^laP 

■IVHIH 

a 

fiao  canbrs  naodod  to  oxcito  Er  conton 

Klda,1980 

6aAs 

kapiaat 

a 

knplwitGaAsira 

Fa««MC.1980 

S 

■npiMi 

a 

Oiygsn  activation  of  a  haninoscanco 

lHiid,1981 

hiP 

bnplaat 

a 

1.54/an  a  from  impact  axdtation 

licM.1981 

S 

■ap^Bnl 

a 

Effacts  of  Sea  coimpiants  on  a 

Bntoii,1901 

S 

■ — 

inpivii 

HITS.. 

Er-ralatod  dofoct  bvob  in  Si 

Koi«Kfci,1891 

GaAs 

■  ■  -  - 
mpipn 

RBS 

a  location  dnplacad  toward  <110> 

KWa,1981 

6iAs 

■  -  ■  -  - 

nipuni 

EPR,a 

MostofErissia^^stato 

Bnyattau,  1981 

MGaAs 

MBE 

a 

Augar  lossas  during  a  oxcitation 

Pooiii1982 

GaAs 

MBE 

TEM 

Abova  7  X 10^  ^/enr  aAs  microparticios  fonn 

Kin.  1992 

GaAs 

■  ■  * 

■npMiu 

a 

Ei^*  as  nonaquHaium  state 

Caloa,1982 

GaAs 

Implant 

PUSEU 

DLTS 

Er  imptantation  producas  2  hob  traps 
anrohrod  n  axdtetion  of  4f  haninosconco 

BMMMr,1993 

SaAs 

_ 

Implant  MBE 

DLTS. 

Hal 

Er-ratatod  hob  traps  idsntifbd 

An  increase  in  the  PL  of  Czochralski-grown  Si  crystals  dqped  with  erbium  and 
oxygen  was  presented  in  a  pq)er  by  Favennec  (Favennec  et  al.,  1990:LS24).  They 
found  that  o^gen  implantation  enhanced  the  Er  PL  emission  by  an  order  of  magnitude. 
Their  PL  data  showed  that  this  Er  luminescence  was  correlated  with  the  oxygen  density 
in  the  sample  suggesting  the  formation  of  Er-O  radiative  complexes.  Coimplantation  of 
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Figure  4.  PL  Dqieiideiioe  of  GaAs:Er  on  Anaeal-Temperature  (Punrenke  et  al., 
1986:604) 

impurities  in  &-im|rtanied  Si  was  also  studied  by  Mxdiel  et  al.  (Michel  et  al., 
1991:2672).  This  temn  found  that  implantation  of  obium  followed  by  an  additkmal 
wnfdMU  yielded  qiecies-dqiaident  dianges  in  die  PL  intraisity.  The  presence  of  light 
elemmtts  such  as  O,  C,  N,  and  F  eidianced  the  Er  huninescoice,  heavier 
etemeots  like  Al,  S,  Q,  and  P  have  little  effect  on  die  luminescence. 


QmelMMc  Er-nocfaled  optical  transitioiii  have  also  been  obsorved  for  Er 
incoipotaied  in  MKXrsnO-grown  OaAs  and  InP  (Uwai  a  al.,  1987:87),  Lre-^rown 
GaAs  (Bantkn  et  al.,  1987:2803),  and  GaAs  and  InP  by  dififosicm  (21hao  et  al., 
1988:277).  Nakagome  et  al.  Imve  observed  a  drastic  change  in  the  l.S  micron  Er- 
rdated  qiectra  for  MOCVD-grown  GaAs:&  when  growth  tomperature  is  reduced 
to  530  *C  and  the  V/m  ratio  is  increased  to  3  (Nakagome  et  al.,  1988:1726).  Under 
these  cmiditiQns,  an  optically  efificient  Er-emitting  center  widi  an  extremely  narrow 
linewiddi  (less  than  0.03  nm)  and  high  peak  imensity  is  preferentially  phmoexcited. 

Electnriuminescence  has  also  been  demonstrated  from  semiconductors  doped 
widi  erbium  by  several  methods.  Ennen  et  al.  reported  an  MBE-grown  Si:Er  LED 
(Enneii  et  al. ,  1985:381).  The  efficiency  of  about  5  x  KH  was  fer  too  low  for  device 
^ifdication.  A  GaAs:Er  MCXTVD-grown  LED  was  demonstrated  by  Whitney  et  al.  in 
1988  (Whitney  et  al.,  1988a:740),  an  LPE-grown  version  was  reported  by  Roland  et 
ol.  in  tine  same  year  (Roland  et  al.,  1988:956),  and  electroluminescence  at  1.54 
mkrcHis  was  obtained  from  Er-inq>lanted  GaAs  by  Klein,  Moore,  and  Dietrich  in  1990 
(Klein  et  al. ,  1990:1299).  In  addition,  Isshiki  et  al.  observed  EL  at  1.54  microns  from 
direct  electron  inqiact  excitation  of  InP:Er  (Isshiki  et  al.,  1991:L225).  This  group 
found  a  feirly  strong  EL  signal  at  room  tenoperature  which  decreased  to  about  half  the 
intensity  observed  at  77K. 

Parallel  investigations  concentrated  on  determining  the  exact  nature  of  Er  in 
semiconductors  and  the  energy  transfer  mechanism  for  excitation  of  the  4f  levels.  In 
1987,  Ennen  et  al.  found  that  only  one  type  of  Er^'*'  center  was  responsible  for  the 
1.54  micron  band  in  MBE-grown  GaAs  (Ennen  et  al.,  1987:4877).  Their  study 
showed  erbhim-dqped  MBE-grown  GaAs  layers  formed  a  number  of  erbium  conq>lexes 
dq)midtng  on  the  growdi  tenoperature.  For  the  previously  reported  optimum  substrate 
growdi  tmiq)erature  of  580  (Smith  et  al.,  1987:49),  only  one  type  of  luminescent 
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Eflpce  S.  Enetgy  Levd  Sdieme  of  die  NcxiOibic  Er  Cunplex  in  MB£-grown  GaAs 
(Eanenera/..  1987:4879) 


obinm  cenler  wis  observed  wiifa  8  emisskm  lines  reccnded  from  6  K  PL.  The 
imltiidicily  zeroiilioiion  lines  indicsied  that  this  Er^'*'  cenler  occiqiies  a  position  of 
lower  than  odric  symmetry.  From  these  data,  the  researdms  constructed  an  enogy 
level  sciieine  for  die  noiKubic  Er^'*'  complex  in  MBE-grown  GaAs  (Figure  5). 
grtirntiAi  a  ai,  fatfSba  r^bed  dus  by  lepmtiQg  diat  erbhim-in^ilanted  GaAs  was 
di^daced  from  die  substitutkmal  positkm  to  the  <110>  channel  (Kozanedd  a  al., 
1991:7(13).  In  agreemrat  with  Pomradce  tt  al.  (Pomreidm  et  al. ,  1986:601),  di^  also 
found  that  die  optical  activity  of  mbium  disqipeared  as  hi^ier  annealing  tonperatures 
moved  die  eriiimn  toward  a  substhutkmal  location. 

Klein  and  Pomimfoe  reported  <mi  die  lifetime  of  the  Er^'*'  excited  state  in  a 
variety  of  malerkds  m  a  1S188  article  (Klein  et  al,,  1988:1503).  Their  study  showed  die 
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littfiMiL  of  eactod  sliie  of  is  dboKrt  1  nw11iicco«l  for  all  the  hosts 

imrioMag  MBE>growii  and  Si:Er.  MBE^rown  and  imfdanled  GaAsiEr, 

MOCVD-frown  and  InP:Er,  and  inqdamed  SaP:Er.  This  ccmstancy  of  die 

Hferime  aooss  several  hosts  stnnigly  suggests  that  Er  decay  is  largely  radudive,  diat  is, 
diece  ^ipear  to  be  no  strong  conqieting  ncm-radiative  decay  mechanisms  to  reduce 
diis  lifetime.  They  also  rqioct  diat  diese  PL  decay  times  are  about  100  times  longer 
dum  diose  from  comparaUe  InP:Yb  sanqiles.  Thus  Er-doped  materials  appear  to  offer 
more  potential  in  device  qiplicatkms  than  dieir  Yb  counterparts.  Benyattou  et  al. 
rqported  nearly  the  Mine  lifetime  of  1.2  milliseccmds  for  Er  in  Gao.55Alo  45AS 
(Benyattou  era/.,  1991:2132). 

Similar  to  observations  in  InPrYb  (Korber  and  Harigleiter,  1988:114), 
Pomrenke,  HengdMld,  and  Yeo  established  that  free  carriers  are  required  to  excite  die 
rare  eardi  centers  for  GaAs:Er  and  IiiP:Er  akmg  with  InP:Yb,  GaAs:Yb,  GaAs:Tm, 
and  GaAs:Pr  (Pmnrenke  et  at.,  1989:339).  These  free  carriers  may  be  manifest  in 
exdtatkm  via  direct  capture  of  excittms  or  hot  carrier  impact  excitation.  In  conclusion, 
diese  workers  propose  GaAs:Er  as  the  best  candidate  for  devices. 

With  Er  centers  in  (SaAs  being  excited  over  the  widest  range  of  states, 
combined  with  the  observed  room  tenqierature  luminescence,  long 
lifetimes,  and  the  technological  importance  of  the  1.54  microns 
wavelengdi,  allows  one  to  conclude  that  the  GaAs:Er  system  shows  the 
greatest  jnxnnise  for  electro-optic  applications.  (Pomrenke  et  al., 
1989:344) 

Favennec  et  al.  reported  in  1989  that  the  1.54  micron  Er-related  emissions  are 
not  unifrnmly  spaced  over  the  surface  of  a  sanqile  (Favennec  et  al. ,  1989:333).  These 
results  were  obtained  from  CL-SEM  experiments  in  Er-inq>lanted  GaAs,  GalnAs, 
(jalnAsP,  and  GaAlAs  and  imply  diat  qidcaily  active  erbium  atoms  could  be  clustered 
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in  tlK>  li^  tt  mioroptrtides  of  Er-rich  comimuiids.  Poole,  Sin^,  and 

FedDor  maitiifiarf  tliis  m  MBE^grown  GaAs:Er  in  ^diidi  Er  concratrations  greator  dian 
IxVfiVca?  Ibfin  ErAs  mtcroparticles  (FOole  a al.,  1992:121). 

A  significant  pq)er  by  Kkin,  Mocne,  and  Dietrich  in  1991  rqxmed  that  Er^-*- 
was  a  mi^  l^yer  id  oMum  luminescence  (Kkin  et  al.,  1991:502).  They  measured 
die  dependence  i^kmi  anneal  tenyerature  of  the  band-«dge  and  Er^'*'  PL  and  Em  in  Er- 
GaAs  and  ctmchided  dot: 

(1)  The  Er^*^  VL  qiectnim  consists  of  a  supopositkm  of  q)ectra 

from  several  distinct  erbium  sites, 

(2)  almost  all  die  obhim  in  the  sanqik  was  in  the  Er^^  stak,  and 

(3)  the  impmtant  Er^***  PL  is  excited  from  Er^'*'  occiq>ied  ceitters. 

They  also  proposed  diat  these  Er^'*’  sites  involve  con4>lexes  of  interstitial  Er  with 
defects  or  inqmrities  and  die  small  number  of  Er^*^  centers  (<0.1%  of  erbium  in  the 
san^de)  occapy  tetrahedral  interstitial  sites.  In  a  1992  p^)er,  these  researchers 
inoposed  that  Er^*^  might,  in  feet,  be  a  non-equilibrium  state  for  above  gsq)  excitation 
(Kleiner  of.,  1992:665). 

Beqyattou  nod  workers  in  France  suggested  a  model  for  the  erbium  PL 
excitation  process  in  MBE-grown  AlGaAs:Er  (Benyattou  et  al.,  1991:2132).  Two 
beam  time-restdved  PL  measurements  showed  that  there  are  significant  losses  related  to 
free  carriers  occurring  in  the  PL  excitadtm  process.  Their  model  pr(^)osed  that  bound 
excitons  reconfeine  aixl  transfer  energy  to  die  Er  via  an  Auger  recombination  process 
or  direct  energy  transfer  to  the  erbium  itm. 

Cokm  et  al.  proposed  the  first  excitation  mechanism  for  (jaAs:Er  in  1992 
(C(d(m  et  al.,  1992:671).  Using  DLTS  measurements,  diis  groiq)  found  that  erbium 
imf^mtation  introduces  hok  tnq>s  at  35  meV  and  360  meV  above  the  valence  band, 
^iriiik  selective  excitation  dwwed  that  die  4f  emissions  can  be  strongly  excited  with 
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fffiMiif  Ibk  die  headgip.  Ccrfm  pfopoaed  dnt  die  Er-ielaied  bole  tnfw 

exidain  the  dx»vt>  and  b^w-baodg^i  excitation  enogy  and  particqnte  in  the 
exdtttkm  prooesa.  Two  difteent  excitation  mechanisms  were  put  fordi,  dqiending  (m 
die  excitation  energy: 


1.  ExdtatUm  energy  greater  than  bandgap  creates  electron-hole  pairs  with  free 
holes  tn^ped  in  die  Er-related  hole  tnqis.  This  trap  then  ciqitiires  a  free  electron 
finming  a  bound  exchon.  Subsequent  recombination  of  diis  pair  transfers  energy  to  the 
4f  shell  via  an  Au^  fnocess. 

2.  Excitation  energy  less  than  bandgap  provkles  sufficient  energy  to  excite 
electrcMK  at  the  tnqis  into  the  CB  leaving  a  hole  behind.  An  electron  recombines  with 
this  bound  hole  ccmtrflHiting  the  recombination  energy  to  die  4f  shell. 

SummariztQg  erbium's  potential  inqiortance,  Taniguchi's  statement  in  a  1991 
piqier  is  telling. 


The  characteristic  sharp-line  4f  luminescence  has  been  observed  from 
various  RE  and  m-V  ccmqiounds.  However,  it  was  found  that  the  RE- 
related  luminesceiice  intensity  drops  drastically  as  the  sample 
tenqierature  increases,  and  diat  only  GaAs:Er  and  InP:Er  can  still  emit 
hmiinescence  iq>  to  room  tenqierature.  (Taniguchi  et  al. ,  1991:2930) 

(Note:  Scxne  MCXJVD-grown  GaP:Nd  samples  exhibited  room  temperature 
huninescence  as  rqxirted  by  Takahei  and  Nalcagome  in  1989)  (Takahei  and  Nakagome, 
1989:913).  Pomtenke  also  echoes  the  inqiortance  of  Er  in  a  paper  on  Er,  Tm,  and  Pr 
in  GaAs  and  AlGaAs  where  only  Er  showed  raiissions  at  room  tenqierature  (Pomrenke 
era!.,  1991b:41S). 


Praseodymium 

Praseodymium  (Pr)  piqpers  are  listed  in  Table  6.  Luminescence  was  frrst 
reported  in  1981  by  Kasaddn  et  al.  wlm  reported  four  groiqis  of  closely  sp«:ed  Pr- 
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Significant  P^wrs  on  Praseodymium  in  Semiconductors 


OMm 

■Mt 

■Mi 

Kantlii,1M1 

8aP 

PL 

Rnt  iwatM  PL 

KHitkin.in6 

QiP 

- 

PI 

PLdKt|f9um8>twi9i 

1 .  ^"I’l . 

8#.Zii8i 

• - •  -  -  . 

MipHm 

PL.CL 

PrMrfPrUPLnportid 

|ltalniw,18e8 

IRpMII 

PL 

ri»H^TD  ncn  foini  qhiwii  mwpmts 

b# 

InpiMt 

PtSMS 

hPrPrPL&SaiSttiidy 

iLlilZlLJ 

6iAs 

■ - •-  -■» 

■npMnC 

PUSE 

Fim  ctfrims  rain  cicitition  mdiansn 

biP.eaAs 

npMn 

PL 

Pr  PL  in  b#  A  6aAs  nportM 

Pwnrta  1981b 

6aAs 

■HPMnl 

PLm 

i  'll  1 1 ' '  ■  1 1 1 '  1 1 ' '  1 . ‘ uniiiiiiiiii 

KMfcMitialsei 

biGate 

LPE 

HM 

TfmpOft  pfOptrtiM  &  lottitiin  wiicImwiHs  study  | 

La,  1982 

bi6aP 

LPE 

Erickaon,18K 

GOs 

■RpMI 

PUD 

WidiPLM>ctri>1ittiDACiysniniMW  I 

based  emissions  from  GaP  near  1.3,  1.7,  2.0  and  2.3  eV  (Kasatkin  et  al.,  1981:353). 
In  a  uniqpie  follow-iq>  pq)er  4  years  later,  Kasatkin  reported  that  the  Pr  intracenter 
tummescence  had  dis24^)eared  after  prolonged  storage  (Kasatkin,  1985:1174). 

Gq>pius  a  al.  found  that  coimplantation  of  lidiium  in  Pr-doped  GaP  changed  the 
^wcttum  by  shifting  emissions  to  near  1.1  microns  and  introducing  luies  near  0.9 
microns  (Gi^his  et  al. ,  1986:1196).  They  attributed  this  effect  to  the  formation  of  Pr- 
Li  conq>lexes,  and  proposed  that  Li  plays  a  certain  role  in  the  energy  transfer  from 
electrcm-hole  pair  recombination  to  the  Pr-related  centers. 

Pomrente,  Hengehold,  and  Yeo  also  reported  conq>lex  behavior  of  GaAs:Pr 
with  emission  lines  near  1.1,  1.3  and  1.6  microns  (Pomrenke  et  al.,  1989:343).  By 
investigating  die  selective  excitation  spectra  for  the  strongest  lines,  they  found  no 
significant  excitation  of  the  three  Pr^'*'  emissions  by  DAP  or  lower  lying  states.  Their 
study  showed  that  the  main  excitation  mechanism  for  Pr^'*'  is  also  through  free  carriers, 
but  states  at  or  below  the  donor-acceptor  states  are  not  excluded  from  the  excitation 
jnocess. 
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Figure  6.  Photohnninescence  of  GaAsrPr  (Pomienke  et  al. ,  1991a:162) 


In  a  latter  p^ter,  Punmenke,  Hengdx)ld,  and  Yeo  observed  characteristic  4f 
emissions  of  (4f2)  frtnn  GaAs  (Figure  6)  and  InP.  The  3  sets  of  sharp  GaAs:Pr 
emissioos  iqxMted  at  l.OS,  1.3S,  and  1.6  micnHis  were  due  to  transitions  between  the 
crystid-field-split  spin-orbit  levels  ^G4->3H4,  ^G4->^H5,  and  3F3-PH4,  respectively 
(PomreidDe  et  al.^  1991a:161).  At  optimum  anneal  tenq)eratures,  they  found  no 
evidence  of  near-band-edge  emissions  (DA  transitions).  The  existence  of  these  would 
imply  the  presence  of  ctmqieting  processes  which  favor  Pr  excitation  over  FB  or  DAP 
recmnbinations.  Tb^  also  rqxmed  dififerem  teiiq)erature  quenching  behavior  of  these 
lines.  The  1.3S  micron  emissions  disappeared  around  107  K,  but  the  1.6  micron  lin^ 
contmued  until  174  K.  The  low  intensity  of  the  l.OS  micron  line  precluded 
tempmature  dependent  studies.  They  concluded  that  Pr  may  occupy  substitutional 
and/or  interstitial  sites. 

Photohuninescence  studies  of  Pr  have  also  been  reported  for  InP  and  InGaP.  In 
die  (mly  other  ternary  host  tested  for  Pr  PL,  Lai  and  Chang  observed  no  InGaP:Pr 
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iatra-4f  trmsitkMis  in  the  600-800  nm  range  (2.07-l.SS  eV)  (Lai  and  Chang, 
1992:1314).  It  has  also  been  found  that  Pr-implanted  InP  emissions  differ  ff(Hn  that  of 
GaAs:Pr.  RqK»ted  emissions  from  InP:Pr  were  between  1.34  and  1.44  microns  and 
lacked  the  1.1  and  1.6  micron  signals  found  previously  in  GaAsrPr  (Solomon  et  al., 
1989:574). 

In  a  most  recent  paper,  Erickson  et  al.  have  collected  a  very  wide  spectra  of  Pr 
in  (jaAs  (0.49-1.49  eV).  The  main  thrust  of  the  paper  is  the  theoretical  calculation  of 
the  predicted  emissions  using  a  D4  symmetry  model  which  has  less  intrinsic  symmetry 
thanT(i. 

Praseodymium  has  been  studied  mainly  in  GaAs,  GaP,  and  InP.  Luminescence 
has  never  been  studied  in  silicon  or  ternary  con^unds  while  only  PL  demonstrations 
have  been  rqx>ited  from  GaAs:Pr,  InP:Pr  and,  GaP:Pr.  Thus  praseodymium  requires 
much  more  research. 

Rmidgap  Engineering 

An  alternate  method  of  producing  luminescence  from  semiconductors  at  desired 
wavelengths  is  bandgap  engineering.  In  this  method,  compounds  are  fabricated  to 
obtain  specific  bandgaps  which  then  allow  strong  luminescence  at  this  bandgap  energy 
via  electrical  excitation.  This  is  accon:q>listKd  by  using  ternary  and  quaternary 
conqxxmds.  Ternary  m-V  solids  have  2  different  group  m  atoms  at  group  m  sites  or 
2  diffoent  grcaip  V  atoms  at  groiq)  V  sites.  The  notation  used  for  this  is  A^St.^C  or 
ACyD|.y  where  A  and  B  represent  group  in  elements  while  C  and  D  are  group  V 
elements  and  x  and  y  are  the  mole  fractions,  (^ternary  conqwunds  involve  4 
different  elements,  typically  a  pair  of  group  IH's  and  a  pair  of  group  Vs  with  notation 
A](B|.xCyDi.y.  The  property  of  primary  interest  in  these  conqxninds  is  the  variation  of 
die  energy  gap  with  the  mixture  ratio.  That  is,  the  energy  gap  of  the  alloy  will  assume 
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a  value  interniediate  between  die  gaps  of  die  two  'pure'  semicondiictors  of  whidi  it  is 
composed. 

This  bandgi^  engineering  has  been  studied  most  intensively  in  Al^Gai.^As 
because  of  its  close  lattice  match  to  GaAs.  This  gready  facilitates  the  fabrication  of 
b^erojunctions  (junctions  between  two  dissimilar  semiconductors).  Heterojunctions 
are  in^ortant  because  the  difference  in  energy  gaps  allow  high  injection  efficiency  of 
minority  carriers  into  the  lower-gap  semiconductor  (Pankove,  1971:197). 
Smniconductor  lasers  based  on  heterostructure  designs  can  operate  on  much  less  current 
than  similar  homojunction  lasers  (Sze,  1985:268). 

Rare-earth  luminescence  from  ternary  con^)ounds  have  also  been  studied 
(Pomrenke  et  al.,  1991a:41S;  Favennec  et  al.,  1989:330)  and  continue  to  be  of  interest 
because  of  the  aavantageous  laser  effects.  For  exan^ile  Benyattou  et  al.  found  Er- 
related  emissions  from  Gao.55Alo.45As  at  0.98,  1.54,  and  1.57  microns  (Benyattou  et 
al.,  1992:350).  They  conjectured  that  the  1.57  micron  emissions  emanate  from  Er-Al 
complexes  since  they  did  not  occur  in  GaAs.  Interestingly,  Tsang  and  Logan  achieved 
semiconductor  lasing  at  1.5  microns  using  GalnAsP  (Tsang  and  Logan,  1984:1025)  and 
at  1.55  microns  with  erbium-doped  GalnAsP  (Tsang  and  Logan,  1986:1686). 
However,  doubts  have  surfaced  as  to  whether  the  1.55  micron  emissions  were  actually 
eibium-based  transitions  (van  der  Ziel  et  al. ,  1987: 1313;  Wu  et  al. ,  1992:456). 

Bandgap  engineering  techniques  are  attractive  in  their  versatility,  however  this 
method  will  be  afflicted  by  both  temperature  dependent  bandgaps  and  relatively  wide 
emission  linewidths  due  to  processes  contributing  to  band-tailing.  Thus  work  on  RE 
emissions  from  semiconductors  is  still  important  because  of  their  temperature 
independence  and  narrow  linewidths. 


27 


IV.  EXPERIMENTAL  SAMPLES 

One  of  the  major  issues  to  be  dealt  with  when  attempting  semiconductor 
research  is  procuring,  fiibricating,  or  growing  the  sanq>les.  Since  the  saiiq>le  growth 
technique  and  post-growth  processing  conditions  directly  affect  the  electrical  and 
critical  pr(q)erties  of  the  saiiq)le,  these  are  inqmrtant  issues.  In  this  chiq>ter,  the 
samples  used  in  this  research  are  detailed  and  the  semiconductor  host  growth  and  nure 
earth  inq>lant  methods  are  e}q)lained. 

Host  .Semiconductors 

Praseodymium  was  incorporated  into  3  main  host  semiconductor  materials 
including  gallium  arsenide  (GaAs),  several  variants  of  aluminum  gallium  arsenide 
(AlGaAs),  and  silicon  (Si).  These  materials  were  chosen  based  on  their  in^rtant 
technological  q)plications.  Bulk  silicon  forms  a  diamond  crystal  structure  with 
covalent  bonding  while  both  GaAs  and  AlGaAs  have  mixed  atomic  bonding,  being 
partially  ionic  and  partially  covalent,  in  a  zincblende  crystal  structure. 

GaAs  is  the  main  conqwund  semiconductor  serving  as  the  basis  of  many 
microwave  and  photonic  devices.  It  has  been  heavily  studied  especially  as  the  most 
widely  used  m-V  conqx)und  in  lasers  and  LEDs.  AlGaAs  is  also  a  major  compound 
used  in  photonic  devices  due  to  its  extremely  close  lattice  match  to  GaAs.  This  allows 
growth  of  sinq;>le  heterostructure  or  layered  devices  with  minimum  interface  defects. 
AlGaAs  is  also  used  for  its  "adjustable"  bandgap  which  may  be  varied  from  1.42  to 
2.17  eV  (300  K)  by  changing  the  Al/Ga  ratio.  This  allows  creation  of  material  with  a 
bandgap  tailored  to  suit  the  electronic  device.  The  bandgap  may  be  fabricated  to  aid  or 
control  the  current  injection  across  the  junction  of  a  semiconductor  laser  and,  indeed, 
AlGaAs  has  found  wide  applications  in  heterostructure  lasers,  LEDs,  photodetectors 
and  solar  cells  (Sze,  1985:265-269;  Casey  and  Panish,  1978:27-28).  Finally,  silicon  is 
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cmaAy  Ae  preeminent  mttnrkd  for  sankonduclOT  device  folmcatkm.  These  three 
materials  rqwesent  technologicaUy  the  most  inqxntant  semkonductors  in  use  today  and 
will  serve  as  the  hosts  fw  praseodymium  research  conducted  in  this  study. 

Mquid  Kncapsulated  rTnchralski  Growth 

There  are  many  so-called  classical  methods  of  ciystal  growth  which  depend  on  a 
natural  mechanism  such  as  growth  from  molten  solution.  These  methods  are 
extensively  reviewed  elsewhere  (Boer,  1992;  Sze,  1985).  In  the  liquid  encfq>sulated 
Czochralsld  method  an  ^qtaratus  called  a  puller  which  consists  of  a  furnace 

containing  a  crucible  with  a  molten  solution  of  the  conq>ound  to  be  grown.  A  seed  of 
the  conqxMind  is  dipped  into  the  solution  and  slowly  withdrawn  while  rotating  to  create 
the  crystal.  An  inert  gas  is  flowed  over  the  melt  and  the  system  is  typically  controlled 
to  (^timize  tenq)erature,  rotation  rate,  gas  flow,  and  pull  speed.  Progressive  freezing 
at  the  liquid-solid  interface  results  in  a  single,  large  crystal  (Sze,  1985;  304-306).  For 
LEC-growth  of  GaAs,  an  inert  cap  of  liquid  encapsulant  of  molten  boron  trioxide  is 
floated  on  top  of  the  molten  GaAs  in  order  to  prevent  decomposition  of  the  GaAs. 

The  LEC-grown  GaAs  wafers  in  this  study  were  purchased  from  ^itronics 
Corporation  as  grown  by  Hitachi.  As  reported  by  the  vendor,  the  wafer  thickness 
varies  between  627  and  636  microns,  the  mobility  is  from  7100-6800  cm^V'^sec'^  and 
the  resistivity  is  2.3-4.5  x  10^  ohm/cm.  Appendix  A  gives  specific  characteristics  of  all 
wafers  used  in  this  study. 

Metalorganic  Chemical  Vapor  Deposition  Growth 

Metalorganic  chemical  viqwr  deposition  (MOCVD)  crystal  growth  is  achieved 
via  high  temperature  chemical  reactions  of  a  vapor  of  desired  conqxMinds  onto  a 
substrate  surface.  The  reactions  are  carried  out  thermally  with  the  gases  flowing  over  a 
reactor  cell  containing  the  substrate.  The  rate  of  growth  is  determined  by 
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decOT^xwitkm  of  the  fiKdstock  gas  at  or  near  the  surface  (feedstock  depletion  is  due  to 
substrate  sur&ce  adheskm)  and  the  necessity  of  ronoving  die  reactkm  byproducts 
(Boer,  1992:185).  MOCVD  trads  to  produce  excellent  crystals  because  it  (perates 
close  to  diennodynamic  equilibrium.  Control  of  layer  diickness  is  not  as  precise  as 
odm'  qiitaxial  mdliods  such  as  molecular  beam  qiitaxy.  MOCVD  layer  thickness  is 
controlled  simply  by  calibratkm  and  timing  of  the  sipply  of  feedstock  gases. 

The  MOCVD-grown  GaAs  and  AlGaAs  wafers  used  in  this  study  were  grown 
by  ^itronics  Corporation  on  UBC-grown  GaAs  substrates  with  the  same 
characteristics  as  rqported  above.  The  AlGaAs  layers  were  generally  S(XX)  A  thick, 
with  doped  carrier  concentrations  of  1 X  lO^'^/cc  and  undoped  concentrations  of 
<5.0xl0^^/cc  as  reported  by  the  vendor.  Thin  GaAs  ciq>  layers  (50-200  A)  were 
grown  over  all  AlGaAs  wafers  to  prevent  surface  oxidation.  Appendix  A  gives  specific 
characteristics  of  all  wafers  used  in  this  study. 

Ion  Implantation 

Ion  inqilantation  has  become  a  mainstay  method  of  introducing  inpurities  into 
semiconductors  since  the  1970s  and  consists  of  shooting  energetic,  charged  dopant 
particles  into  a  substrate  via  a  controlled  ion  beam  (Figure  7).  The  advantages  of  ion 
inplantation  are  precise  control  over  the  amount  of  doping,  better  impurity  profile 
rqHrodiicibility,  and  lower  tenperature  processing  requirements  conpared  to  diffusion 
techniques  (Sze,  1985:382).  Another  pragmatic  advantage  is  that  several  different 
substrates  of  entirely  diffsrent  host  semiconductors  can  be  implanted  simultaneously. 

The  praseodymium  and  other  species  used  in  this  study  were  inplanted  by 
Universal  Energy  Systems  (UES),  Dayton,  Ohio  under  contract  with  AFTT.  All 
praseodymium  was  implanted  at  390  keV.  A  wide  variety  of  host  lattice  types  were 
inplamed  at  3  different  doses  as  shown  in  Table  7.  In  addition,  small  amounts  of 
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Figure  7.  I<hi  Inqriaiitatkni  System  Showing  Lattice  Damage  (after  Sze,  1985:405) 


Al^Gai.^As  with  x»0.10,  0.14,  and  0.20  were  implanted  to  augment  and  confirm 
results  found  in  the  main  inqilaiit  hosts.  Ai^)endix  B  shows  a  complete  table  of  all 
sanqrfes  created  in  this  effort. 

Using  die  Profile  Code,  a  computer  program  designed  to  calculate  ion  inylanted 
depdis  (Inqilant  Sciences,  Danvars,  MA),  die  Pr  depdi  profile  and  peak  density  were 
calculated  for  each  of  the  main  host  lattices.  For  each  of  these  calculations,  a  Gaussian 
profile  is  used  to  iqq;nx)ximate  die  implant  profile  density  distribution  fonction  n(x) 
(Sze,  1985:406-407) 


«(JC)  = 


S_J' 


2ARp^ 


(3) 


where  projected  rai^e  Rp  corresponds  to  the  peak  of  the  Gaussian  ion  concentration 


TABLE? 


Prueodymium  loDlant  List 


SICM 

5x10«l>cl0«5x10« 

6aAs 

siap 

5*10«1«10«5xl0« 

SIap 

Mol3o6*8.78^ 

SIAP 

5>«10«1>c10«5xl0« 

MmoSW* 

SiAP 

5x10«1*10'3  5>«10« 

inofik,  tibe  inojected  draggle  ARp  is  die  distance  from  the  peak  where  the  i<ni 
concoHratkm  is  reduced  by  40%  from  the  value  at  Rp,  and  5  is  the  ion  dose  per  unit 
area.  Table  8  shows  the  results  of  diese  calculations  for  praseodymium  inqilanted  at 
390  keV.  These  figures  show  very  little  variation  of  the  implant  profile  across  all  the 
OaAs  and  AlGaAs  samples.  Note  that  the  inqilant  dqiths  are  fru*  less  than  die  5000  A 
mmimum  host  layer,  so  that  none  of  die  emissions  may  be  attributed  to  Pr  located  in 
the  substrate. 

The  presence  of  RE  ions  as  impurities  in  the  lattice  does  not  significandy  afreet 
die  native  crystal  fi^.  This  can  be  seen  by  calculating  the  implam  density  as  a 
fimetkm  of  dqiitb  in  the  host.  The  implant  density  n(x)  varies  linearly  with  the  dose  S, 
so  only  one  dose  needs  to  be  examined  for  a  givm  inqilantation  energy.  The  density 
profile  was  calculated  with  the  Profile  Code  for  the  inqilant  dose  of  S  x  lO^Vcn^.  The 
peak  density  was  found  to  vary  between  6.2Sxl0is/cc  in  GaAs  and  6.63xl0^8/cc  in 
Alo.5oOao.5oAs.  The  concentration  of  die  host  atoms  is  much  greater;  4.42  x  l(P^/cc  for 
GaAs  and  5.0x  10^/cc  fm:  silicon.  Thus  the  peak  Pr  concentration  is  about  1/7000  of 
die  host  concentration  making  die  efrect  of  Pr  on  die  crystal  lattice  negligible. 


32 


TABLES 


Pmeodymium  Implant  Characteratics  (390  keV) 


Naat 

Str^M^ARplA) 

Sieon 

1463 

304 

6aAs 

922 

319 

947 

323 

Mi306*0.70^ 

982 

330 

MojifiampAs 

1033 

340 

Annealing 

When  the  energetic  ions  enter  Oie  substrate,  diey  loose  their  kinetic  energy  via  a 
series  of  colliskms  with  host  lattice  atoms.  Some  of  diese  collisions  insput  sufficient 
energy  to  diq>lace  host  atcnns  fixxn  lattice  sites  resulting  in  lattice  disorder 
(auKKirfiization)  or  damage  (Figure  7).  The  damaged,  disordered  regions  that  result 
frmn  icm  implantation  can  severely  degrade  inqwrtant  semiconductor  parameters  such 
as  carrier  mobility  and  lifetime.  The  disordered  parts  of  the  lattice  can  be  reordered  by 
heating  <a  amieaiiiig  die  sample.  Annealing  or  heating  the  damaged  semiconductor  to 
high  tenqieratures  for  an  iq^nopriate  lengdi  of  time  can  restore  the  lattice  integrity. 
Annealing  restores  the  crystal  structure  by  providing  the  atoms  enough  thermal  energy 
to  move  to  their  natural  crystal  lattice  positions.  During  the  annealing  process,  the 
implanted  atmns  may  diffuse  and  broaden  the  density  profile.  Rapid  Thermal 
Ambling  (RTA)  processes  very  quickly  heat  the  sanqile  for  a  limited  duration 
onnpared  to  furnace  *miealing  (seconds  versus  minutes).  The  RTA  methods  also  folly 
restore  die  crystal,  but  with  minimal  redistributimi  of  the  implants  (Sze,  1985:415). 

In  this  effint,  RTA  was  performed  to  anneal  all  samples.  An  A.  G.  Associates 
Heatpulse  210  machine  was  used  with  forming  gas  (3%  H,  97%  Ar)  flowing  during 


•mmaiing  Flowing  uteogen  ^  was  used  for  ptt-  and  post-anneal  purging.  Sang>ks 
were  annealed  ftoe  up  and  covered  widi  a  ciqi^ng  wafier  of  GaAs  to  minimize  As  boil 
crff  and  pOeadal  chemical  contaminatkm.  The  raoq>  tq)  of  the  sanq>le  tenipenmire  6om 
Mihieii*  to  desired  annealing  point  ranged  from  30  to  38  seccmds,  while  cool  down  to 
300  "C  geanally  vock  about  4  minutes.  The  variance  of  the  annealing  tenq)erature  as 
rqiorted  by  die  RTA  system  was  always  between  -5  to  +7  "C  of  the  target 
tempoature. 
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Sevend  experimental  irdwiiqiira  have  been  developed  to  analyze  the 
dniadorirtics  of  aonkooductors.  Each  has  particular  strengdis  and  applications,  and 
gives  different  iitfanntfion.  It  is  advamageous  to  en^doy  nxHe  than  one  techn^ue  on  a 
given  proUem  since,  uaialty,  no  single  mediod  wiU  yield  all  die  vital  evidence.  The 
tecfankpies  used  in  dds  research  ate  described  in  this  duq)ter. 


Photohuninescoice  spectroso^  is  die  most  c(»Dmon  technique  for  investigating 
die  electronic  transitkms  in  sankxmductxMrs.  In  diis  m^iod,  electrons  are  excited  from 
dieir  ground  stale  to  hi^m:  enogy  (non-equiUbrium)  states  by  photon  absorption.  The 
radiaied  light  spectrum  resulting  from  recondiination  of  these  excited  electrons  with 
hides  can  reveal  much  information  about  the  electronic  processes  occurring  in  the 
semicmiductor. 

PL  measurements  are  practiced  at  low  sample  tenqieralures  for  two  principal 
reasons.  The  first  strong  advantage  of  low  temperature  measurements  is  to  minimize 
Inoadening  of  otherwise  sharp  spectral  features  by  lattice  vibrations  (phonon 
absorptitm).  The  vibration  of  neighboring  ions  creates  a  changing  crystal  field  at  the 
place  of  rare  earth  ions  which  is  not  the  same  for  all  ions.  This  broadens  the  resulting 
qiectral  lines  (Dieke,  1968:32).  Litpiid  helium  cooling  of  die  sanqile  to  4  K  is 
effective  for  minimizing  diis  line  broadening.  Low  tempmatures  are  also  desirable 
because  most  substances  have  a  frurly  closely  placed  group  of  levels  from  which 
abscnptkm  can  take  {dace.  The  occiqiation  of  levels  gready  decreases  with  increasing 
energy  acctnding  to  Boltzmann's  exponential  law.  By  keqiing  electrons  mainly  in  the 
ground  state  via  very  low  tenqieratures,  the  spectral  analysis  is  sinqilifred  by 
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diaiutiag  die  conplicatkm  oi  overl^pi^  lines  firom  mutt^  diermsUy  populated 
lower  tevds  (Dkke.  1968:32). 

Applieatkwt  nf  w.  In  PL,  excHatkm  widi  photons  of  energy  greater  than  die 
bandgqi  produces  a  noo-equililmum  ctmceotratkm  of  electnms  and  holes.  At  low 
tenqwratuies,  these  mahily  form  exckons  t^iich  can  decay  directly  or  after  culture  by 
mpurides  (mt  defects  (U^htowlers,  1990:1161).  The  fide  of  die  ekctron^le  pairs 
created  by  die  laser  phottnis  dqiends  on  the  nature  of  die  sankonductor.  In  a  high 
purity  material  (relatively  small  impurity  omcentrations),  diese  electrons  and  holes  pair 
up  to  fi»m  free  excHinis  vriiich  subsequendy  decay  producipg  free  exciton 
huninescence.  Materials  containing  signifnant  donor  or  accqitor  impurity 
concentratkms  (>10^^  cm~3)  have  virtually  all  of  these  free  excitons  admired  by 
inquirities  giving  rise  to  impurity-specifk:  bound  exciton  luminescence  (Stradling  and 
Klqistem,  1990:143).  Because  of  the  conq^tion  between  these  various  capture 
tn«y.haniMn!g  and  both  radiative  and  non-radiative  decay  mechanisms,  PL  is  not 
generally  a  quantitative  technique  in  that  absolute  line  intensity  is  rarely  used.  The 
strengdi  of  PL  is  in  unambiguous  identification  of  transition  energies  and  the 
consequent  determinatitm  of  relative  energy  levels. 

The  sample  tenqperature  and  excitation  energy  and  power  may  also  be  varied  in 
PL  expoiments  in  order  to  obtain  more  information  about  the  energy  levels  in 
luminescent  centers. 

PT.  Rxperimeiitel  Apparatus  Figure  8  shows  the  experimental  arrangement 
used  for  PL  spectroscc^  in  this  effort  (the  tunable  Ti:Saiq>hire  laser  punqied  by  the 
argon  laser  is  required  for  SEL).  The  specific  ^iparatus  is  listed  in  Table  9. 
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Figure  8.  PL  and  SEL  Experimental  Arrangements 


The  cryostat  serves  to  maintain  die  sanqile  at  very  low  temperatures  using  liquid 
helium  and  is  surrounded  by  a  liquid  nitrogen  filled  insulation  jacket.  The  laser  excites 
the  cryostat-mounted  sample  with  photons  of  energy  greater  than  the  host  bandgap  in 
coder  to  excite  VB  electrons  ip  to  available  states  in  the  CB.  The  low  tenperature 
energy  gip  of  scnne  materials  of  interest  ate  1.16  eV  for  silicon,  and  1.52  eV  for 
GaAs,  so  a  convenion  excitation  source  is  the  argon  ion  laser  cperating  at  514.S  or 
488.0  nm  (2.4  eV). 


TABLE  9 


PL  and  SEL  Experimemal  A^^Miratus  List 


SystHi 

haai 

Excttftion 

Aigen  Ian  Laaar 

Spactra  Physics  171  or  2085 

20W*,4880aS145Aoutput 

Spoctra  Physics  3900 

Tunabio  from  700-1 100  nm 

Cfyognics 

CryostatiSampla  Maunt 

Janii  Supar  Vanlamp  100T 

UII&LHocoolodto1.4K 

Tanparatiaa  fontrolaf 

LakatiioraSOS 

MonitorfControl  sampio  Tamp 

WakhSdantificlK? 

Evacuation  of  sampio  chambor 

Vacuum  tanp 
(Cryostat  bwAatian 
Jackat) 

Alcatal  CFV100  Turbo  Pump 

Thannal  isolation  of  LN  and 

LHa  tasarvoirs 

Optics 

Colaction  Lansas 

Nawport  KBX154.d-50.8,f-  lOOnm 
Nawport  KBX193.d-76.2,f-300mm 

f-matchod  to  sample  chambor 
f-matchod  to  spactromatar 

Long  Pass  Htar 

Orial830,780,or1000flmLP 

Fdter  laser  light 

Spactromatar 

Spas  1702  or  750M 

3/4  m  Czamy-Tumar,  f/6.8 

Ostaction 

OaOatactor 

Appiad  Oatactor  Corp  403L 

LN  coolod.  OJ-1.7  micron 

Optical  Choppar 

SdTac,  or 

Stanford  Rasaarch  SR540 

Provido  Lockin  with  signal  of 
known  ftaquancy 

MuonHHar 

North  Coast  829B 

Fltor  gamma  ray  spika 

Lockin  Ampifiar 

SdTac  SOOMC,  or 

Stanford  Rasaarch  SR530,  or  SR850 

Extract  weak  signals  from 
strong  background 

Data  Acquisitian 

A/0  kitarfaca  Board 

MatraBytoOASHISF 

Digitia  analog  Lockin  Signal 

Computar 

Zanith  Z-248,  or  Spa  486 

Oporata  spactromatar 

Acquisition  Softwara 

LabToch  Notebook  v.5.0.3,  or 
Spa0M3000S 

Colect  and  stom  data  u 

ASCII 

The  emissions  from  the  sample  are  then  collected  and  analyzed  by  a 
spectrometer.  Collection  optics  efficiently  gather  and  direct  the  emissions  to  the 
grating  spectrometer.  Filters  are  mounted  at  the  spectrometer  iiq)ut  to  remove 
unwanted  laser  and  emission  light.  The  detector  mounted  at  the  spectrometer  ou4>ut 
measures  the  luminescence  intensity  from  the  san^le,  and  the  emission  intensity  versus 
wavelength  is  recorded  on  a  conqniter.  A  sei^itive  detector  for  near-infrared  emissions 
is  the  liquid  nitn^en-cooled  germanium  detector.  A  chopper  mounted  between  the 
final  laser  beam  steering  mirror  and  the  sample  chamber  repetitively  chops  the  emission 
light  allowing  the  weak  sample  signal  to  be  extracted  from  relatively  bright  background 
using  a  "lock-in”  amplifier. 
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riMwriwriMtinw  nf  Hi#*  I  Waam  To  measure  die  laser  beam  qxH  size  to 
ddenittBe  tihe  power  dmisity  <m  die  sample,  the  medxxl  described  by  Yoshida  and 
Asakura  was  used  (Yoshida  and  Asakuia,  1976:273).  The  spot  size  diameter  near  the 
sample  was  determined  to  be  2.79±0.16  mm  for  the  l^iectra  Physics  model  171  argon 
laser  and  2.87 ±0.14  mm  for  die  Spectra  Physics  model  2085  argon  laser.  The  width 
of  the  Spectra  Pl^sics  model  3900  Ti:Sap{dure  beam  was  measured  to  be 
1.92±0.02mm.  These  values  correlate  very  well  with  the  manuf»mu«r's 
^pecificatkms. 

The  average  laser  power  density  on  the  sanqile  is  then  found  using  this  spot  size 
and  accouming  for  the  beam  losses  and  die  sanqile  orientation.  This  average  power 
density  can  be  described  as 

_  ^oTopilcsf  roi  cos(0) 

- ^ 

where  is  the  power  ouQMit  from  the  laser,  Tgptics  is  the  fraction  of  laser  power 
reaching  the  sample,  is  the  fraction  of  the  beam  power  in  the  spot,  6  is  the  angle  of 
the  sanqile  to  the  beam,  (o  is  the  spot  size  radnis.  The  fraction  of  the  Gaussian  beam  in 
the  spot  is  (l-e*2)~^  or  about  86.5%.  The  sanqiles  are  at  an  angle  of  about  37°  to  the 
laser  beam  in  order  to  prevent  direct  reflection  of  the  laser  into  the  spectrometer.  It 
was  determined  that  losses  from  the  steering  mirrors  and  sanq)le  chamber  windows 
allow  about  64%  of  the  emitted  laser  power  to  reach  the  sample.  Then  for  a  100  mW 
beam  from  the  laser,  an  average  laser  power  density  over  the  spot  on  the  san^ile  of 
723  mW/cn^  is  obtained  which  can  be  immediately  scaled  to  higher  powers  since  this 
function  is  linear  widi  Pq. 


Tjiaer  Penetration  Depth.  One  of  the  most  important  influences  on  the  strength 
of  die  RE  PL  emissions  is  the  laser  excitation  dq>th.  If  the  laser  does  not  penetrate  to  a 


TABLE  10 


Abs(Wptioii  Coefficients  for  Argon  Laser  Light 


IMviMraNIBI 

Ahurpti—  Caafftelaat  a 
UaRl 

PMWtratiM  Oapth 

(HePtfartiiA) 

Si 

184«) 

5411 

6«As 

90000  (21  K) 

1111 

**0.148®*0.W1*» 

91670 

1091 

%3l5®*0.6S5A* 

77300 

1294 

%48i6«0.509** 

62120 

1610 

depth  of  significant  Pr  density,  little,  if  any,  luminescence  can  be  expected.  The 
energy  flux  of  the  laser  is  damped  as  e*"^  where  a  is  the  optical  absorption  coefficient 
which  depends  on  both  the  laser  wavelength  and  the  material,  and  x  is  the  depth  into 
the  material  (Boer,  1990:  263).  Thus  the  1/e  point  for  intensity  reduction  is  simply  the 
inverse  of  the  absoiption  coefficient.  The  light  from  an  argon  laser  is  primarily  at 
4880  and  5145  A  which  corresponds  to  about  2.5  eV.  The  absorption  coefficients  have 
been  published  for  the  host  materials  used  in  this  research  for  light  in  this  energy 
range.  The  room  tenq)erature  absorption  coefficients  and  corresponding  1/e  points  are 
listed  in  Table  10  (Aspnes  and  Studna,  1983;  Aspnes  et  al,  1986;  Sturge,  1962).  The 
values  shown  are  those  nearest  the  exact  Al  fractions,  but  the  AIq  149680  g5i As  value  is 
interpolated. 

Coiiq)aring  the  penetration  depth  of  the  laser  to  the  praseodymium  in^lant 
depth  distribution  (Table  8),  the  laser  penetration  is  within  the  straggling  range  of  each 
host  except  Si  and  Al0.50Ga0.50As.  The  Si  represents  an  especially  poor  match  between 
the  laser  excitation  and  the  Pr  distribution,  so  the  Pr  PL  signal  may  be  weak  in  this 
combination. 
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Rygtem  ralflifratkm.  The  calibntkMi  of  Ibt  system  is  a  critical  step  in  this 
ejqieriiiiratal  process.  Calibration  consists  of  steps  taken  to  assure  the  accuracy  of  the 
wavelengths  reported  in  the  data.  Since  the  mechanical  portion  of  the  spectrometer  is 
subject  to  wear  and  misalignment  over  time,  an  independent  method  of  establishing  the 
position  of  wavelength  in  a  spectrum  is  required.  This  independent  calibration  is 
provi^  by  the  well-known  lines  of  a  krypton  lamp  and  a  helium-neon  laser 
(Calibration  items  in  Figure  8).  The  wavelengths  corresponding  to  these  lines  are 
known  to  a  high  degree  of  precision,  and  they  serve  to  allow  wavelengths  to  be 
assigned  to  the  data  accurately  using  linear  regression  techniques  since  the  data 
collected  is  linear  in  wavelength.  In  PL  experiments,  these  calibration  lines  were 
added  to  R£  PL  spectra  either  concurrently  or  during  daily  calibration  runs.  It  was 
found  that  the  spectrometer  showed  virtually  no  change  in  calibration  over  the  period 
of  data  collection  for  this  effort. 

System  Response.  Ideally,  the  ouq)ut  signal  from  the  PL  system  would  be 
linear  with  the  iiq)ut  luminescence  across  the  entire  wavelength  range.  This  is  not  the 
case  with  each  part  of  the  collection  and  detection  systems  contributing  responses 
which  vary  with  the  iiq)ut  wavelength.  Specific  effects  include  the  transmission  of  the 
collection  optics  and  filter,  the  efficiency  of  the  spectrometer  grating  and  mirrors,  the 
efficiency  of  the  detector,  and  even  the  transmission  of  the  air  in  the  lab.  By  iiq>utting 
a  signal  of  known  intensity  at  each  wavelength,  tiie  system  response  can  be  calculated 
and  compensated  for.  Using  a  blackbody  source  at  a  known  temperature,  the  PL 
system  response  was  investigated.  The  response  factor  for  the  system  is  then  calculated 
as  the  ratio  of  the  blackbody  power  ii4>ut  to  the  signal  report  by  the  experimental 
system.  Figure  9  shows  this  system  response  factor  calculated  for  the  PL  apparatus 
with  a  1(XX)  nm  long  pass  filter,  1.25  micron  grating,  and  Ge  detector  using  a  950  °C 
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Figure  9.  Normalized  Systm  Con^ensatioii  Factor  for  the  PL  ^q)aratus  using  a  1000 
nm  LP  Film  and  Ge  Doctor 
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bladdbody.  Badcgromid  fluctuations  have  been  smoodied  using  a  IS  point  snxxMliing 
algtnifliin.  To  apply  this,  all  of  the  intensity  values  of  a  PL  spectrum  would  have  to  be 
multiplied  point  by  point  (discretely)  by  diis  system  conqiensation  factor.  In  most 
cases  in  this  worit,  the  absolute  intensity  of  spectral  lines  is  not  inywrtant,  and  they 
have  not  be  compensated.  The  Pr  emission  lines  of  interest  occur  in  the  0.75  through 
0.80  eV  and  the  0.85  through  0.90  eV  regions  and  have  nearly  the  same  response 
factor,  so  conqiensation  would  accon:4)lish  little. 


Error  Analysis.  There  are  three  major  sources  which  contribute  to  energy 
and/or  intensity  uncertainty  in  the  PL  experiment.  These  are  1)  linewidths  introduced 
by  the  system,  2)  finite  data  resolution,  and  3)  background  variations.  Each  of  these 
effects  influence  the  data  in  different  ways. 

A  spectrometer  will  produce  an  output  line  having  a  finite  width  even  if  the 
incoming  light  is  perfectly  monochromatic.  This  instrument  linewidth  is  a  measure  of 
how  much  the  instrument  smears  or  broadens  the  lines  and  is  due  to  the  finite  optics 
en^>loyed  by  the  spectrometer.  Specifically,  this  is  mainly  due  to  diffraction  effects 
including  the  resolving  power  of  the  grating  and  the  width  of  the  slit  being  used.  The 
grating  linewidth  AA.^  is  defined  as 


(5) 


where  A.  is  the  wavelength  of  the  light,  m  is  the  order  of  operation  of  the  grating 
(typically  1),  and  A/  is  the  number  of  grating  lines.  The  linewidth  due  to  the  finite  slit 
of  the  spectrometer  is 


(6) 
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where  a  is  the  slit  width,  is  the  diffraction  angle  off  the  grating,  m  is  the  grating 
(nder  and  f  is  the  instrument  focal  lengdi.  Thus,  the  overall  linewiddi  of  the  instrument 
is  AX.  =  AXg+AX,.  Typically,  the  slit  width  contribution  to  the  overall  linewidth  is 
dmninant.  The  linewidth  for  a  typical  PL  spectra  in  this  study  using  the  3/4  m 
spectrometer  with  400  micron  slit  results  in  an  8  A  or  less  linewidth  for  the  Pr 
onissions  of  interest.  This  equates  to  a  maximum  linewidth  of  0.59  meV  for  the  Pr 
emissions  found  at  13000  A.  Thus  the  very  narrow  RE  emissions  will  appear  to  be  at 
least  0.59  meV  wide  and  2  lines  separated  by  less  than  this  energy  will  be  very  difficult 
to  distinguish. 

Finite  data  resolution  results  from  the  periodic  sanq>ling  of  the  luminescent 
intmsity  by  the  data  acquisition  software.  This  periodic  data  sampling  limits  both  the 
accuracy  that  can  be  ascribed  to  a  wavelength  information  and  also  the  maximum 
iiUensiQ^  of  a  peak.  For  exanq>le,  using  a  2  Hz  sampling  rate  with  the  spectrometer 
scanning  at  400  A/min  gives  a  data  resolution  of  3.33  A  per  data  point.  This  serves  as 
the  uncertainty  assigned  to  wavelength  positions  throughout  this  study.  In  addition,  the 
finite  data  resolution  limits  the  accuracy  which  can  be  ascribed  to  any  peak's  intensity 
since  the  intensity  sanmling  is  unlikely  to  occur  exactly  at  the  peak.  In  fact,  the  worst 
case  data  sanmling  event  occurs  when  the  sampling  occurs  exactly  equally  on  either 
side  of  the  actual  peak.  This  worst  case  can  be  quantified  and  used  as  the  upper  limit 
for  uncertainty  of  all  peak  intensities.  In  order  to  model  this  case,  the  shape  of  the 
intensity  peaks  must  be  determined.  There  are  two  main  optical  mechanisms  in  the 
spectnnneter  which  contribute  to  this:  1)  the  far-field  diffraction  effects  of  the  slit  and 
the  grating,  and  2)  the  one-to-one  slit  imaging  designed  into  the  spectrometer.  The  far 
field  diffraction  effects  would  cause  a  peak  shape  of  sinc^  (Hecht  and  Zajac,  1979:343- 
347,358-361),  while  the  imaging  of  the  slits  produces  a  convolution  of  slit  images  and 
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woaM  pfodnoe  a  triangle-tli^wd  p  In  both  cases,  die  width  of 

tte  modeled  peak  is  demmiiied  by  die  dieorttical  FWHM  of  the  slits  since  all  RE 
emisskMis  iqxmed  have  instrumrat-limited  linewiddis  (which  was  confinned  by 
MMtninii^  hi^  resolution  spectra  of  die  peaks).  For  a  typical  PL  experimental  run 
using  400  micron  slits  widi  a  scan  rate  of  4(X)  A/min  (a  data  resolution  of 
3.333  A/point),  the  worst  case  of  peakjntemity  uncertainty  is  8.9%  for  the  sinc^  model 
and  18.9%  for  the  triangle  model.  This  analysis  serves  as  assurance  that  reported 
imensides  in  this  study  are  accurate. 

Finally,  the  actual  intensity  of  luminescence  also  varies  with  the  background 
fluctuations  whkh  are  inherent  in  any  measurements  using  an  electrical  or  qitical 
system.  These  fluctuations  can  be  quamified  by  fitting  a  linear  regression  line  to  a 
portion  of  spectra  consisting  only  of  background  signal.  An  intensity  measurement 
may  dien  be  assigned  an  uncertainty  equal  to  one  standard  error  of  this  regression  line. 

Selective  Excitation  Luminescence 

Selective  excitation  luminescence  (SEL)  differs  from  the  PL  technique  in  that 
the  energy  used  to  excite  the  crystal  is  varied.  The  tey  difference  is  that  in  PL  a  single 
excitation  energy  is  used  and  a  range  of  the  cnitput  spectrum  is  scanned,  while  in  SEL  a 
single  wavelength  ouqxit  (like  a  rare  earth  emission  line)  is  monitored  while  exciting 
the  sanqile  over  a  range  of  energy  values.  Instead  of  greater-than-bandgiq)  excitation 
for  sinqile  PL,  a  tunable  laser  is  used  with  which  energy  states  in  the  sample  are 
selectively  pcqmlated  as  the  excitation  energy  is  varied.  The  measured  intensity  of  a 
particular  ouqait  line  peaks  whenever  the  excitation  energy  of  the  tunable  laser 
coincides  with  an  energy  transition  intrinsic  to  the  excitation  of  that  particular 
emission.  The  intensity  may  also  fall,  indicating  that  the  laser  has  selectively  activated 
a  completing  transition  mechanism.  This  method  can  then  be  used  to  determine 
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proceMCt  wlikh  aie  rdaied  to  or  compete  widi  the  excitatkm  proow  by  enhtncing 
oerlatai  tnoutkoc  idectivdy. 


bi  ekctnduiiiiiiesoeiice  (EL),  die  excitatkm  is  inrovided  by  siqiirtyiiig  potential 
and/or  kmetic  eneigy  to  free  carriers  in  the  sample  (Pankove,  1977:9).  These  free 
carriers  dien  recoml^  inodncing  light.  For  example,  a  p-n  junctkm  forward-biased 
sufficimdty  to  allow  propagatkm  of  electrons  throughout  the  (TB  bey<md  die  junctkm 
will  assume  current  iiyectkm  mode  (Figure  10)  and  those  electrons  will  recondiine  with 
holes  <m  the  p-side  of  the  junctkm  to  produce  light.  The  flow  of  CB  electrcms  across 
die  junctkm  (iiyectkm  currem  I)  and  the  correspcmdiiig  photon  emissions  increase 
nqddly  with  die  bias  vvdtage  Vaocording  to  die  diode  eqpiadon  (Pankove,  1977:180) 

/  =  (7) 


edieie  is  a  current  amstant  n^iich  is  proportional  to 

(8) 

vdiere  is  die  bandgap,  k  is  die  Bohimann  constant,  and  7  is  the  sanqile  tenqierature. 
The  energy  tom  ^  is  the  smaller  of  ^  or  ^  fiir  ediich  Eg+^  is  the  barrier  whkdi 
electrcms  must  ovoccome  for  iiyectkm  into  die  p-Qrpe  junctkm  regicm  and  is  the 
barrier  fnr  hcde  iiyectkm  into  die  n-side  (Figure  10).  In  diis  iiyectkm  mode,  direct  and 
indirect  band-to-bac  i  recombinations  beccnne  possible,  akmg  with  the  most  of  other 
radiative  and  ncm-radiadve  transitions  already  mattkmed.  Altermde  decay  modes,  such 
as  triqiped^harge  luminescence  or  Auger  recondiinations,  compete  widi  the  desired 
radiative  transitkm  and  need  to  be  niinimi7«l  if  possible. 
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Figuie  10.  Electroo  Iiyectioo  in  a  pnn  Junction  (afker  Pankove,  1971:181) 


As  die  iqectkm  diode  is  electrically  punned,  many  free  carriers  and  excitmis 
are  created.  Hopeftilfy,  some  of  the  lecoiribinatkm  energy  will  be  transferred  to  die 
RE  4f  energy  levels  widi  aoconqianying  decay  to  produce  tedinologically  desired 
waveleogdis.  Since  excitation  of  rare  earths  in  jmictical  devices  will  i»obably  be 
exclusively  duou^  electrical  punqiing  (electroluminescence  via  carrier  iiyection), 
dononstiatkm  of  efficirat  efectrohiminescence  is  an  impcvtant  step  in  research  leading 
to  felvicatkm  of  devices. 
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VI.  RESULTS  AND  DiSCUSSlQN 


The  muto  can  be  groined  accordii^  to  the  objectives  fra*  diis  research  effrat. 
The  first  studies,  ii^iidi  include  examination  of  die  Pr  control  sample  runs, 
anntmiin^  dqieodenoe,  doae  dependence,  and  doping  depoidence,  are  directed 
prhnarily  toward  optimization  of  die  Pr  emisskms.  The  next  series  of  studies  including 
boat  nuttoial  dependence,  laser  excitation  power  dqiiendence,  temperature  depoidmice, 
and  excitation  energy  dqiendence  aim  at  the  heart  of  this  effort;  diat  being  to 
miderstaiid  the  exekatkm  mechanian  of  Pr  in  semiconductors.  The  codq[>iilg  and  dual- 
do|dng  efforts  are  attempts  to  enhance  die  Pr  luminescence  dnough  the  use  of 
additkmal  ekmmts  in  the  lattice.  The  last  research  study  ctmsists  of  fabrication  of  a  Pr- 
based  ekctrcduminescent  diode. 

Pr  Ijitninenciaity.  Study  of  rmitml  SampW 

Verification  that  die  emisskHis  attributed  to  Pr  are  valid  requires  conparison  of 
sanples  with  and  without  Pr.  In  this  case,  bodi  implanted  and  uninplanted  control 
samides  were  identically  prpared  and  annealed  for  each  of  the  semi-insulating  (SI) 
ho^.  All  Al^Gai.^As  hosts  were  MOCVD-grown  on  ClaAs  substrates,  while  the 
SI-GaAs  is  LEC-grown.  The  LEC-grown  (3aAs  was  used  because  greater  amounts  of 
materud  woe  availalde  and  tests  showed  that  Pr  emissions  from  LEC-grown  and 
MOCVD-grown  GaAs  were  virtually  klentical.  Figure  11  shows  die  low  tenperature 
(diottduminescence  of  each  pair  of  sanples  for  the  SI-GaAs  and  SI-Al^Gai.^As  with 
x=0.1S,  0.30,  and  0.50  hosts.  Anneal  traperatures  are  representative  of  significant  Pr 
emissicHis,  although  they  ate  not  cptimal;  diis  will  be  shown  in  the  next  section. 
AWaa^h  die  anisskm  intensities  vary,  in  all  cases  the  sharp  line  emissions  in  the  two 
ranges  frmn  0.755-0.783  eV  and  0.893-0.945  eV  ate  evident  only  in  the  Pr  implanted 
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Figuie  11.  Photohimiiiesceiice  q)ectra  taken  at  3  K  for  SI-GaAs,  SI-Alo.isGao.gsAs, 
9-A1o.3o(^.7oAs,  and  SI-Alo.3o(^.soAs  widi  and  without  Pr  inq>lanted  at  390  keV 
widi  a  dose  of  lO^Vcn^  and  annealed  at  various  ten^)eratures 
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taoMs  and  are  dais  attributed  to  Pr  emissions.  In  additmn,  weak,  sliaip  line  emisskais 
are  seen  I.ISO  and  1.204  eV  in  SI-GaAs-.Pr  only.  All  the  onissions  frmn  the  SI- 
GaAs:Pr  are  die  same  as  rqmrted  by  Pomrenke  er  a/,  and  the  (xanmon  energy  positions 
and  emission  structures  of  each  group  provide  evidence  that  the  same  transitions  are 
re^nsO^  for  die  onissions  in  each  host  (Pomrenke  et  a/.,  1991b:418-419).  No 
(riimxHi  absorption-based  replicas  of  the  Pr  emissions  can  be  identified,  inqilying  that 
diese  Pr-related  transitions  are  not  coiqiled  to  phonons  in  the  host  lattice.  Phonon  lin^ 
are  not  eiqiected,  since  the  shielding  of  the  Pr  4f  electrons  should  prevent  any  direct 
coiqiling  to  the  lattice  and  this  lends  more  evktence  to  the  intra-4f  level  transition  origin 
of  these  emissions.  These  emissions  are  thus  assigned  to  Pr^'*'  4f  transitions  following 
assignments  first  determined  by  Pomrenke  et  al.  (Pomrenke  et  al. ,  1991b:418-419):  the 
0.75  eV  group  results  fiiom  transitions,  the  0.9  eV  group  results  from 

^G4->3H5  transitions,  and  the  1.150  and  1.204  eV  emissions  result  from  ^G4->^H4 
transitions.  Assuming  no  forbidden  transitions,  the  highest  energy  peak  in  an  emission 
groiqi  results  from  a  transition  between  the  lowest  state  of  the  thermalized  upper  energy 
level  and  the  lowest  crystal  field  split  state  of  the  termination  level.  Using  this  as  a 
guide,  the  lowest  energy  peak  in  these  emission  groups  are  offret  from  the  Pr^'*'  free 
ion  energy  level  transitions  (Table  3)  by  -4  meV  for  3F3-^3H4,  -4  meV  for  IG4-+3H5, 
and  +3  meV  for  1G4->3H4.  This  offret  is  due  to  the  crystal  field  splitting  of  the  free 
ion  levels  into  states  with  both  higher  and  lower  energies. 

In  orcter  to  determine  the  actual  linewidth  of  these  emissions,  the  full-width-at- 
half-maximum  (FWHM)  was  measured  for  several  lines  of  the  Pr  emissions.  AU  lines 
in  the  Pr  3F3->3H4  emission  group  were  examined  in  the  SI-Alg  t5Gao.g5As  host  for 
spectrometer  slit  widths  ranging  from  600  to  1(X)  microns.  All  peaks  showed  a 
smoothly  decreasing  FWHM,  but  below  1(X)  microns  the  peaks  were  too  weak  to 
measure.  The  strongest  and  narrowest  is  the  0.779  eV  (15914  A)  peak  which  exhibited 
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t  PiWM  of  o.0±0.S  A  for  a  100  mkron  ifit.  Tlib  onreapoids  lo  m  i^per  bcNiDd 
0.2M  owV  for  liie  mon  otnow  Pr  emission  Unewidtlis. 

Tie  IvoMl  etniMkww  visible  in  bofo  implanted  and  unimplamed  suafdes 
cealeied  near  O.K  eV  are  due  to  unidentified  in^uriQr-  m:  defect-related  deqp  levels  in 
die  host  semicondoM.  The  vny  weak  mucture  noticeable  near  0.9  eV  in  diese  broad 
emkttkwM  fe  an  artifect  of  die  system  response  in  that  energy  range.  An  onission  line 
at  0.746  eV  was  detected  in  all  implanted  and  uninylanted  san^les,  which  must  then 
be  host  semiconductcxr-related.  A  small  unknown  emission  line  at  0.794  eV  is  seen 
(mly  m  Pr-inqdanted  SI-OaAs  and  SI-Alo.t5Gao.8sAs  and  it  is  not  related  to  the  Pr^'*' 
emissions.  This  cmiclttsion  was  made  based  on  the  dissimilar  behavior  of  this  emission 
line  to  Pr  emissions.  For  exanqile,  the  0.794  eV  peak  decreases  with  increasing  anneal 
tenqierature  (Figure  12),  but  increases  with  increasing  dose  (Figures  14  and  15)  in 
contrast  to  die  bdiavim  of  Pr  emissitHis.  The  emission  lines  at  0.846  and  0.87S  eV  are 
detectaUe  in  the  S3-Al0.50Ga0.50As  hosts  only  for  RTA  temperatures  less  dian  700  °C 
and  most  likely  emanate  from  unannealed  ion  implantation  damage. 

No  direct  evidence  of  the  3F4->3H4  transition  was  found  implying  that  either 
selectkm  rules  preclude  diis  or,  more  likely,  that  the  closeness  of  3F3  and  3F4  allows  a 
stroi%  path  of  non-radiadve  (thermalized)  transitions  from  3F4  to  3F3.  Erickson  et  al. 
noted  that  for  levels  widi  an  energy  difference  of  less  than  4  phonons,  the  ion  relaxes 
via  non-radiidive  [dionon  processes,  n^e  larger  energy  difference  transitions  produce 
a  (dioton  (&kdcson  et  a/.,  1993:2348).  The  3F4->3F3  spacing  is  less  than  2  GaAs 
jdionon  energies  and  is  thus  consistent  with  this. 

The  strong  emission  groiqis  have  been  identified  with  transitions  to  a  lower  state 
of  J  =  4  and  S,  respectively.  As  shown  in  Table  1,  both  of  diese  J  states  have  crystal 
field  splittings  of  4  in  cubic  symmetry.  However,  the  main  emission  groups  have  at 
least  4  stroQg  and  several  weaker  sharp  emission  lines.  This  number  of  emission  lines 
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aen  implies  diet  the  emissive  Pr  atmns  0Gciq>y  less  than  aibic  symm^,  tait  no 
^tecific  site  symmetry  may  be  assigned  since  the  exact  number  of  energy  level 
q>littii^  cannot  be  directly  infored  sinq)ly  frtnn  the  number  of  emission  lines. 

No  Pr-related  emissions  were  detected  firmn  Pr  implants  in  n-  or  p-type  silicon 
ova:  a  tested  anneal  range  of  450-900  **€  and  doses  of  1  xlO^^  and  SxlO^^/cnP.  Only 
emisskms  firmn  die  band-edge  and  near  band-edge  levels  were  found.  This  is  attributed 
to  die  comparatively  narrow  silicon  bandgt^  (1.17  eV  at  0  K)  which  is  slighdy  lower 
than  die  ^64  energy  level  in  Pr  and  more  than  0.3  eV  from  the  next  lower  level  (3F4) 
causing  an^energy  mismatch  of  the  exciton  bound  to  Pr^-*-  and  any  energy  levels  in 
Pr3+. 

Effect  of  Annealing  Oniiditioiis  on  Pr  Ijiminescence 

Establishment  of  the  RTA  conditions  which  are  most  conducive  to  Pr 
phototuminescence  is  a  vital  first  step.  This  step  serves  the  primary  purpose  of 
creating  a  sanqile  set  with  the  maximum  possible  PL  for  each  host.  All  annealing  was 
conducted  using  the  RTA  method  at  various  tenqieratures  for  IS  second  durations. 
Hosts  used  were  SI-GaAs  and  SI-Al^^Ga^.j^As  with  x=0.15,  0.30,  and  0.50  inqilanted 
with  Pr  at  390  keV  with  lO^^/cm^  doses. 

Figure  12  shows  the  PL  spectra  obtained  at  3  K  fi:om  SI-GaAs:Pr.  The  zero 
luminescence  level  of  each  spectrum  is  indicated  by  a  short  horizontal  line  on  the  left 
axis.  The  emission  spectra  consist  of  two  main  emission  groups:  one  based  near 
0.78  eV  and  the  other  near  0.94  eV.  The  former  group  consists  of  a  series  of  small 
peaks  punctuated  by  3  main  peaks  at  0.756,  0.769,  and  0.779  eV,  and  are  attributed  to 
intra-4f  transitions  between  crystal-field-split  states  of  the  excited  level  3F3  and  the 
ground  state  3H4  of  Pr^'*' .  The  latter  group  consists  of  at  least  5  relatively  strong  peaks 
at  0.893,  0.898,  0.917,  0.931,  and  0.945  eV,  and  these  are  attributed  to  the  transitions 
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Hpoe  12.  Fhotolumiiiesceiice  qpectra  taken  at  3  K  for  SI-GaAs  implanted  with  Pr  at 
390  keV  widi  a  dose  of  lO^^/cni^  and  annealed  at  various  temperatures 


beCweoi  the  crystal  &ld  states  of  the  excited  states  ^64  and  of  Also, 
very  weak  transitions  between  *64  and  3H4  are  observed  at  1.150  and  1.204  eV.  This 
arniMiing  study  showed  that  die  annealing  tetD|)erature  of  700  °C  is  certainly  too  low  to 
activate  the  Pr  emissions  <hie  to  unannealed  implantation  damage.  The  luminescence 
intensity  increased  strongly  at  750  and  increased  further  i^i  to  the  maximum 
intensity  at  an  RTA  temperature  of  775  ±25  °C.  Above  800  the  peak  intensities  in 
hoQi  anisskm  groups  M  off  with  the  intensity  becoming  much  smaller  at  850  °C. 
Probably,  at  higher  annealing  tenqieratures,  the  GaAs  sanqile  may  start  to  dissociate. 

For  the  SI-Alo.isGag  g5As  host  as  shown  in  Figure  13,  the  Pr  emission  groups 
are  seen  in  the  same  energy  bands  as  those  observed  for  GaAsrPr.  Furthermore,  the 
emission  peaks  which  makeiqi  the  0.945  eV  group  have  virtually  identical  intensity  to 
diose  of  SI-GaAs.  However,  very  strong  peaks  were  observed  in  the  0.78  eV  groiqi 
consisting  of  much  sharper  and  stronger  emissions  than  those  for  GaAs:Pr.  As  for  the 
GaAs:Pr  sanqiles,  the  Pr  related  emissions  of  Alo.is^.ss^s*^  ^  below 

700  "C,  but  strongly  increase  above  725  °C.  The  luminescent  intensity  increases  with 
annealing  tenqierature  up  through  750  °C,  exhibiting  the  strongest  PL  emissions  at 
750  ®C  for  the  0.75  eV  emission  group  and  775  ®C  for  the  0.9  eV  emission  group. 
Both  emission  groups  show  significant  decreases  in  intensity  at  the  higher  800  °C 
annealing  te^^)eratute. 

Annealing  studies  for  SI-Al0.30Ga0.70As  and  SI-Al0.50Ga0.50As  were  made  for 
various  RTA  temperatures  from  650  **€  through  750  °C  The  PL  results  of  these 
sanqiles  taken  at  3  K  show  significant  defect  emissions  in  addition  to  the  Pr  emissions. 
Just  like  Sl-Alo.i5Gao.g5As:Pr,  the  intensity  of  the  emission  groups  grow  as  the 
tenqimrature  is  increased  up  to  the  optimal  point,  above  which  the  emissions  decrease. 
For  SI-Alo.3oGao.7oAs,  the  peak  PL  emissions  are  evident  for  725±25  °C.  For 
Sl-Alo.5oGao.5oAs,  the  peaks  of  each  group  are  distinct  and  varied  little  in  intensity 


54 


Figure  13.  Photolumiiiesceiice  spectra  taken  at  3  K  for  SI-AIq  15630  g3As  implanted 
with  Pr  at  390  keV  with  a  dose  of  lO^^/cm^  and  annealed  at  various  tenq)eratures 


TABLE  11 


Optimal  RTA  Teii^)ei:atufes  for  PL  frmn  Pr  in  SI-Al^Gai.^As  Annealed  for  IS  seconds 


mSTAE 

m^^QQiiiiii 

SI-GaAKPr 

775  ±25  *0 

750±25*C 

S‘-%30^I.7oA*^ 

725  ±25  *0 

a%506«0.50*»:Pf 

725  ±25  •Cl?) 

over  the  broad  RTA  range  of  67S  through  750  but  725  °C  was  judged  to  produce 
slightly  strooger  and  sharper  Pr  PL  lines. 

Table  11  summarizes  the  results  for  the  best  RTA  temperature  for  a  15  second 
duration.  The  decreasing  RTA  temperature  with  increasing  A1  mole  fraction  may  be 
attributed  to  the  greater  density  of  A1  atoms  in  the  lattice  which  are  lighter  and 
presumably  more  mobile  than  the  Ga  atoms.  The  emission  intensity  in  each  of  the 
hosts  is  relatively  stable  over  an  RTA  tenq>erature  range  of  75  '’C.  This  suggests  that 
the  Pr^'*'  luminescence  center  is  thermally  very  stable  as  would  be  expected  for 
sul^titutional  Pr  on  a  Ga  site.  However,  this  observation  differs  markedly  from  the 
annealing  behavior  of  Er  in  GaAs,  which  exhibits  strong  dependence  of  the  1.55 
micron  emissions  upon  the  annealing  temperature,  and  was  attributed  to  different  Er 
luminescent  centers  activating  at  different  RTA  temperatures  (Colon,  1992a:68).  The 
Pr  emission  peaks  are  seen  to  rise  and  fall  together  as  the  RTA  temperature  is  changed. 
This  concurrent  change  of  both  emission  groups  points  to  the  idea  of  a  common  Pr 
luminescent  center  at  the  substitutional  site. 
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<T»»»^lpng  tfae  RE  dose  may  either  increase  (mt  decrease  the  RE  luminescence. 
Higher  doses  do  introduce  mcne  potentially  luminescent  cemers,  however, 
accompapying  the  greater  RE  density  is  the  problem  of  solubility  limits.  Above  the 
solubility  limit,  impurities  form  prec4>itatBS  which  cause  major  lattice  defects  due  to 
die  volume  mismatch.  Exceeding  this  solubility  limit  has  been  shown  to  extinguish  RE 
PL.  For  exanqile,  Favennec  and  cowoiicers  saw  a  decrease  in  GaAsrEr  PL  for  very 
high  Er  doses  and  attributed  this  to  absorption  from  unannealed  implant  damage 
(Favennec  et  al.,  1989:333).  The  Er  solubility  limit  was  quantified  to  be  about 
7  X  lO^'^/cc,  where,  above  this  limit,  Er  forms  near  spherical  microparticles  of  ErAs 
whidi  are  not  luminescent  (Poole  et  al.,  1992:121).  However,  Langer  et  al.  rqwited 
that  Er-related  PL  in  MOCVD-grown  GaAs:Er  was  a  maximum  at  an  Er  concentration 
of  1 .2  X  10^^/cc  (Langer  et  al. ,  1993:15).  Higher  inqilantation  doses  may  also  decrease 
the  luminescence  because  of  increased  lattice  damage.  The  defects  in  an  amorphous 
lattice  can  trap  free  carriers  where  they  will  non-radiatively  recombine  through  a 
continuum  of  states  (Pankove,  1971:165),  thus  robbing  the  RE  of  luminescence  fuel  in 
the  form  of  free  carriers  and  excitons. 

The  purpose  of  this  study  is  to  determine  the  optimal  implantation  dosage  for 
PL  in  each  host  material  and  to  estimate  the  solubility  limit  of  Pr  impurity 
concentration  in  the  host  lattice.  The  doses  used  were  5x10^2,  lx  10^3,  and 
5  X  lO^Vcn^  in  each  of  the  optimally  annealed  Sl-hosts  used  in  the  RTA  study.  Figures 
14,  15,  16,  and  17  show  the  low  tenq)erature  PL  spectra  of  Pr  at  these  doses  in  hosts  of 
SI-GaAs,  SI-Alo.15Gao.85As,  SI-Alo.3oGao7oAs,  arxl  SI-Alo.5oGao5oAs,  respectively. 
The  SI-GaAs  case  shown  in  Figure  14  is  interesting  because  the  optimal  dose  is 
different  for  tte  two  emission  groups.  The  strongest  ^G4->3H5  emissions  were 
observed  from  the  sample  with  a  dose  of  ixlO^^/cm^,  while  the  ^F3->^H4  group 
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Figure  14.  Riotohimiiiesceiice  qiectra  taken  at  3  K  for  SI-GaAs  implanted  with  Pr  at 
390  keV  with  a  dose  of  5  x  10^^,  1  x  10^^,  or  5  x  lO^^/cmZ  and  annealed  at  775  “C 
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Figure  IS.  Photoluminescence  q)ectra  taken  at  3  K  for  SI-AIo.isGao.gsAs  in^lanted 
wifli  Pr  at  390  keV  with  a  dose  of  5  x  10*2  j  x  10*^,  or  5  x  10*2/cm2  and  annealed  at 
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Figure  16.  Pbotolumiiiesceiice  spectra  taken  at  3  K  for  SI-A]o.3oGao.70^  inq)lanted 
with  Pr  at  390  keV  with  a  dose  of  5  x  10*2,  i  x  10*3,  ©r  5  x  10*3/cn^  and  annealed  at 
725  *C 
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Figure  17.  Photcduminesceiice  spectra  taken  at  3  K  for  SI-AIq  sq^.so^  inq)lanlied 
with  Pr  at  390  keV  with  a  dose  of  S  x  10^^^  i  x  10^3,  or  5  x  and  annealed  at 
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intensity  increased  with  dose.  The  middle  dose  was  chosen  fOT  use  in  subsequent 
etqieriments,  since  this  results  in  the  strongest  and  sharpest  peaks  in  the  ^G4->3H5 
emission  groiq).  FOr  the  SI-A]o.i5Gao  g5As  host,  the  PL  intensities  of  Pr  onissions 
were  about  the  same  for  the  two  lower  doses  (Figure  IS),  however,  foe  lowest  dose 
gave  a  slightly  higher  PL  in  both  groups,  and  was  chosen  as  foe  best  dose.  The 
SI-Alo.3oOao.7oAs  host  shown  in  Figure  16  along  with  the  SI-Alo.soGao.5oAs  host  shown 
in  Figure  17  displayed  3F3^H4  emissions  which  increased  with  dose.  Both  spectra 
also  show  a  broad  defect-related  emission  centered  around  0.82  eV,  which  decreases 
wifo  increasing  Pr  dose.  This  can  be  explained  if  Pr  and  foe  defect  center  c(»np^  for 
foe  same  energy  source  presumed  to  be  free  excitons  or  carriers.  Thus,  the  increased 
Pr  luminescence  robs  the  defect  centers  of  their  pumping  source.  Alternatively,  as  the 
Pr  amcentration  increases,  the  reconfoination  energy  of  foe  defect-related  center  may 
transfer  its  energy  mtxe  effectively  to  Pr^'*'  ions  nonradiatively. 

Tabte  12  summarizes  foe  optimum  Pr  dose  determined  for  each  of  the  tested 
hosts  based  on  the  strongest  PL  peaks,  although  a  limited  number  of  dose  variants  was 
used.  Since  foe  implant  profile  is  a  Gaussian,  the  homogeneous  concentration 
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wiiitifly  Hnit  eta  aol  be  itrirnninf  il.  Horntm,  for  refeitiioe.  the  peek  cooDeotiatkn 
bi  GMMMiiin  taopfamt  profile  was  computed  itting  Bq  (3)  and  TaUe  8.  Tbey  are 
calculated  to  be  3  x  10**/cc  for  the  0.5  x  lO^^/cn^  doee,  6  x  lO^^/cc  for  foe  1  x  10^ 
dose,  and  3  x  lO^’/cc  fix  foe  5  x  lO^Vcm^  dose. 

Pr  I  iimtiifticgnce  IVpendence  nn  ttM>  Hn«t  P^MwIiicrivity  Typet 

The  purpose  of  this  stuefy  is  to  examine  foe  effect  of  host  carrier-Qpe  dopants 
(m  Pr  (footohiminescence.  Semiconductors  are  routmely  doped  with  inpurities  to  alter 
the  type  and  concentration  of  mobile  carries  in  (xder  to  control  foeir  etoctrical 
characteristics.  In  addhkm,  RE  huninescmice  has  been  shown  to  depend  on  free 
carriers  (as  excitons).  Dopant  elements  are  chosen  to  have  valence  characteristics 
different  frmn  those  of  foe  host  in  order  to  add  free  carriers  (either  electrons  or  holes). 
These  fiee  carriers  can  absorb  recombination  energy  of  free  excitons  via  an  Auger 
process,  thus  robbing  foe  RE's  punping  energy. 

For  this  study,  NKX^VD-grown  GaAs  and  Al^Caj.^As  hosts  of  x=0.15,  0.30, 
and  0.50  were  available  in  SI-,  n-,  and  p-type  versions  and  were  identically  implanted 
with  Pr.  Samples  were  then  annealed  at  the  optimal  tenperatures  determined  for  each 
host.  Low  temperature  PL  spectra  from  each  variant  were  then  examined  to  determine 
the  effect  of  carrier-type  deping  of  hosts.  The  inpurities  were  Si  for  foe  n-types  and 
Zn  for  the  p-types  which  were  dtped  during  the  MOCVD  growth  process.  The  vendor 
Epitrcmics  rqxnts  that  carrier  concentrations  in  both  were  1 .0  x  lO^^/cc. 

Figure  18  shows  that  the  Pr  PL  is  much  stronger  for  the  Sl-type  AIq  i5Gao.85As 
host  than  either  the  n-  or  p-type  variants.  Both  emission  groups  suffer  strong 
reductkms  in  intensity  with  foe  addition  of  either  n-  or  p-type  dopants.  Similar  results 
were  also  observed  for  Pr  PL  in  the  AIq  3oGao.7o^  host.  This  probably  represents  an 
effect  similar  to  foat  found  in  the  dose  dependence  (Figure  16),  where  the  Pr  competes 
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Figure  18.  niotohimiiiesceiice  spectra  taken  at  3  K  for  n-,  SI-,  and  p-Alo.1sGao.g5 As 
implanted  with  Pr  at  390  IkV  with  a  dose  of  S  x  10^^  and  annealed  at  775 
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witfi  otter  fanpiirity  or  d^Bct-idated  coofem  fw  tte  punning  rangy  of 
excitons/carrins  m  deacthratkm  of  Pr  PL  via  non-emissive  c(Mnq>lexes  formed  witli  die 
extra  impurities.  Figure  18  siqiports  tte  former  tteory,  since  strong  defect  emissknis 
are  evident  in  die  defied  hosts  at  0.77  and  1.15  eV.  This  effect,  in  which  donors  and 
acceptors  act  as  "shunt*  recennbination  centers,  has  been  noted  by  others  studying  REs 
(Lozykowsld,  1993:17761).  If  this  effect  is  dominant  in  nooderale-  to  heavily-doped 
electroluminescent  devices,  Pr  luminescence  may  be  weak  or  non-existant  due  to  this 
ajqiarent  inability  to  conqiete  successfully  against  other  in^iurities  for  tte  siq^ly  of  free 
carriers  or  excitons. 

A  different  PL  result  was  found  for  tte  conductivity-type  dependance  of  GaAs 
and  Alo  3oGao.5oAs  host  as  shown  in  Figures  19  and  20  respectively.  These  hosts 
showed  increased  Pr  PL  for  both  n-type  and  p-type  doping  than  PL  for  undoped 
materials.  Tte  excqition  was  tte  n-type  GaAs  which  displayed  a  very  strong,  broad 
defect  sparming  0.75  through  1.15  eV  (Figure  19).  The  Pr  lines  were  ^iparently 
con^iletely  quenched  by  tte  effects  of  this  defect-related  peak.  Tte  apparent  n-type 
host  peak  at  1.0  eV  is  an  artifiict  of  the  experimental  system  response  and  water 
absorption  lines  can  be  seen  between  0.8  and  0.9  eV.  Otherwise  in  these  two  hosts, 
tte  two  main  Pr  emissions  groups  showed  an  increase  in  intensity  of  several  times 
conqnred  to  tte  Sl-type  host. 

Pr  Liimine.sceiice  Dependence  on  Host  Semiconductor 

Investigating  tte  effects  of  changing  the  host  semiconductor  can  reveal 
d^ndence  of  tte  Pr  PL  on  controllable  ftu^tors.  In  this  study,  the  A1  mole  fraction  x 
in  SI-Al^Cja^.^As  hosts  was  varied  from  0  to  0.50.  There  are  3  major  effects  of  the  A1 
on  tte  test  which  may  affect  Pr  luminescence.  These  are  1)  the  increase  in  the 
bandgap  with  increasing  aluminum  fraction,  2)  the  alteration  of  the  crystal  field  and 
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Figure  19.  Phott^uminesceiice  ^)ectra  taken  at  3  K  for  n-,  SI-,  and  p-GaAs  implanted 
with  Pr  at  390  keV  with  a  dose  oH  x  10^^  and  annealed  at  77S  °C 
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F^iuie  20.  Fhotohimiiiesceiice  spectra  taken  at  3  K  for  n-,  S1-,  and  p-Alo.50Gao.30As 
implanted  widi  Pr  at  390  keV  with  a  dose  of  S  x  10^^  and  annealed  at  725 
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induced  by  die  A1  atoms,  and  3)  fcmnation  of  Al-Pr  coaq>lexra.  For  these 
hosts,  die  low  tempmahue  direct  bandgt^  are  1.519  eV  (x=0),  1.733  eV  (xsQ.lS), 
and  1.940  eV  (x=0.30)  (El  AUai  et  al.,  1993:4403),  while  the  x=0.S0  case  produces 
an  indirect  bandgap  of  about  2.07  eV  (Alferov  et  al.,  1973:1622).  Wider  bandgaps 
create  higher  energy  free  excitons  and  span  greater  energy  levels  in  the  Pr  ions, 
potentially  pnxfaicing  a  more  diverse  set  of  intra-4f  transitions.  Alteration  of  the 
crystal  field  and  symmetry  due  to  the  presence  of  Al  atoms  in  the  lattice  reduces  the 
symmetry  thus  increasing  the  number  of  crystal  field  split  states  of  all  free  ion  energy 
levels.  Increasing  the  aggregate  levels  available  for  transitions  is  likely  to  increase  the 
numher  of  emission  lines,  but  concurrendy  may  decrease  the  intensities.  Finally,  the 
presence  of  Al  atoms  in  an  otherwise  GaAs  lattice  may  be  considered  to  be  high  density 
inqNirities  which  can  form  binary  complexes  with  the  Pr  ions.  Not  enough  is 
uncterstood  about  RE-iirpirity  con4)lexes  to  predict  whether  the  Pr  luminescence  from 
such  a  conq)lex  would  be  greater  or  lesser  than  that  from  an  'isolated'  Pr  ion. 

In  this  study,  Pr  was  implanted  at  390  keV  with  a  dose  of  1  x  lO^^/cm^  in  hosts 
consisting  of  SI-GaAs  and  SI-Al^^Craj.^^As  with  x=0.15,  0.30,  and  0.50.  Annealing 
was  conducted  using  the  optimal  tenq)erature  for  each  host.  Low  temperature  PL  data 
was  collected  on  each  sanq)le  under  otherwise  identical  conditions. 

It  was  found  that  changing  the  Al  fraction  in  the  hosts  had  a  dramatic  effect  on 
the  Pr  luminescence  as  shown  in  Figure  21.  While  the  0.9  eV  emission  group  is 
dominant  in  the  PL  from  GaAs  hosts,  the  0.75  eV  group  is  strongly  dominant  in  all  Al- 
bearing  hosts  with  x^.l5  and  appears  to  be  quite  abrupt.  In  GaAs,  the  ^G4->3Hs  Pr 
emission  group  intensity  dominates  that  of  the  weak  3F3->^H4  emission  group.  In 
AIq  isGao.gsAs,  this  behavior  is  reversed  with  the  3F3->3H4  Pr  emission  group  showing 
much  stronger  imensity  than  that  of  ^G4->3Hs,  which  has  intensity  and  peak  profiles 
almost  identical  to  those  of  GaAs:Pr.  As  the  Al  mole  fraction  in  the  host  increases  to 
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Figure  21.  Photoluminescence  spectra  taken  at  3  K  for  SI-GaAs,  SI-AIq  i5Gao.85As, 
SI-Alo.3oGao.7oAs,  and  SI-Alo.50Gao.50As  implanted  with  Pr  at  390  keV  with  a  dose  of 
10i3/<rfn2  and  annealed  at  vaiious  temperatures 
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0.30,  and  O.SO,  the  still  dominant  ^F3->3H4  Pr  emission  group  is  significantly  reduced 
and  the  1G4->3H5  group  is  almost  uncktectable.  Clearly  the  A1  somehow  causes 
preferential  de-excitation  of  the  Pr  through  the  transitions,  but  this  effect  does 

not  follow  the  A1  density  in  general  since  higher  A1  mole  fractions  reduce  the  absolute 
imensity. 

Figure  21  also  shows  the  consistem  position  of  the  emission  lines  across  all 
hosts.  To  simplify  reference  to  these  many  separate  Pr  emission  lines,  each  of  the 
main  peaks  was  assigned  a  designator  based  on  very  close  energy  positions  across  all 
hosts  and  relative  peak  intensities  within  the  emission  groups.  These  letter  designators 
are  shown  above  their  assigned  peaks  in  Figure  21  and  these  energy  assignments  are 
summarized  in  Table  13  along  with  other  strong  lines.  Table  13  lists  the  most  exact 
position  of  each  emission  line  determined  in  this  study  along  with  hot  lines  (shown  in 
italics),  which  will  be  discussed  in  a  later  section  on  temperature  behavior  of  the  Pr 
PL.  The  emission  lines  labeled  U  and  V  are  very  weak  (see  Figure  11),  but  clearly 
visible  in  GaAs  while  U  is  only  barely  detectable  in  Alo.isGao  g5As:Pr  and  not  seen  at 
all  in  AIq  3oCjao.7oAs:Pr  or  Alg.soGao  5oAs:Pr.  In  only  Al-bearing  samples  an  additional 
peak  occurs  at  0.778  eV  (CO),  which  is  not  seen  in  GaAs  hosts.  This  CO  peak  is  very 
near  the  C  peak  seen  in  all  hosts  and  probably  results  from  increased  crystal  field 
splitting  of  the  energy  levels  due  to  the  lower  symmetry  in  Al^Ga^.^As  conq)ared  to 
GaAs.  The  nearly  identical  energy  positions  and  relative  intensities  of  the  remaining 
peaks  within  Pr  emission  groups  in  all  hosts  strongly  implies  that  the  Pr  center 
responsible  for  luminescence  is  on  the  cation  site.  Only  Ga  or  A1  sites  preserve  local 
symmetry  across  all  AlGaAs  hosts  because  all  four  nearest  neighbors  are  arsenic  in  all 
hosts.  A  centered  interstitial  position  of  a  Pr^'*'  ion  in  T^  symmetry  would  likely 
include  varying  numbers  of  A1  atoms  as  nearest  neighbors.  The  average  number  of 
these  neighboring  A1  atoms  will  increase  with  A1  mole  fraction,  thus  increasingly 
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TABLE  13 


Main  Pr^'*'  PL  Emission  Lines  in  Sl-Al^Gai.^As 
I  Pr^  Energy  Trarwition  Peak,  Host  (eV±0.0002) 


distorting  the  local  symmetry  around  As  sites  or  interstitials,  but  not  Ga  or  A1  sites. 
This  increased  distortion  should  be  manifest  as  increased  numbers  of  crystal  field  split 
states  with  an  accompanying  incr  ase  in  the  number  of  PL  transitions.  This  is  simply 
not  semi  as  the  PL  peaks  are  very  consistent  in  energy  position  and  group  profile  across 
the  Al^Gai.^As  hosts.  This  is  further  evidence  that  luminescent  Pr  occupies  a 
substitutional  position  in  the  host  on  the  A1  or  Ga  sites. 

The  assignment  of  these  PL  transitions  to  the  states  of  specific  levels  allows 
construction  of  an  energy  level  diagram  for  the  Pr^*^  ion  in  Al^Ga^.^As.  This  diagram 
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is  based  (m  die  common  strong  emissions  idemified  in  all  hosts  and  depends  on  the 
assumiNkm  that  low  tenqmature  de-excitation  starts  at  die  lowest  state  of  the  excited 
i9P«r  level.  That  is,  aftn^  excitation  to  some  arbitrary  state  in  an  uf^r  level,  the 
electron  thermalizes  to  die  lowest  state  in  the  level  before  making  a  radiative  transition 
to  any  of  the  manifold  of  die  crystal  field  split  lower  level  states.  Figure  22  shows  the 
energy  structure  of  those  Pr^'*'  ion  levels  attributed  to  PL  transitions  observed  in  this 
study.  Due  to  the  weakness  of  ail  emissions  in  the  higher  A1  mole  fraction  hosts,  not 
all  transition  peaks  can  be  identified,  but  emission  peak  energies  and  crystal  field  split 
widths  are  common  throughout  the  series.  The  ^parent  full  width  of  the  crystal  field 
split  3H4  level  is  28  meV  with  3  to  5  identifiable  peaks,  while  that  of  the  ^H5  level  is 
52  meV  with  5  or  fewer  identifiable  peaks. 

Some  previous  reports  provide  instructive  comparisons  to  these  results.  As  was 
already  noted  and  expected,  the  GaAsrPr  PL  is  virtually  identical  to  that  reported  by 
Pomrenke  et  al.  (Pomrenke  et  al. ,  1991b:41 8-419)  and  Erickson  et  al.  (Erickson  et  al. , 
1993:2348).  Although  Er  emissions  display  the  same  consistency  of  emission  line 
energies  independent  of  Al  mole  fraction  in  AlGaAs,  the  intensity  increases  with  Al 
mole  fraction  at  least  from  x=:0.1  through  x=0.4  (Colon,  1992a:66-68).  Colon 
attributed  this  Er  PL  behavior  to  either  formation  of  optically  active  Al-Er  complexes 
or  reduced  thermal  quenching  as  a  by-product  of  the  increased  host  bandgap.  Thulium 
also  exhibits  stronger  PL  intensity  in  AlGaAs  than  GaAs  (Pomrenke  et  al. ,  1992:1925). 

The  evidence  from  this  limited  number  of  Al  mole  fraction  samples  is 
augmented  by  parallel  behavior  from  older  samples  of  AlGaAs  which  provide  not  only 
corroboration,  but  expanded  information  on  the  Al  mole  fraction  behavior  of  the  Pr 
emissions.  SI-AIq.  10^.90^  ^  SI-Alo.^Gao.8oAs  wafers  were  implanted  with  Pr  at 
390  keV  with  a  dose  of  1  x  lO^^/cm^  and  annealed  at  750  °C  for  15  seconds.  The  Pr 
emissions  displayed  in  Figure  23  for  the  x=0.10  sample  are  very  similar  to  those  of  the 
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lie  23.  Photohuniiiesceiice  spectra  taken  at  3  K  for  SI-Alo.io^ao.so^  and 
2oOao  80^  in^lanted  with  Pr  at  390  keV  with  a  dose  of  1  x  lO^^/ci^  and  annealed 
50  ®C 
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QftAs  abown  tmrber  wkb  the  ^64-^115  group  imnisi^  domintiing  tlie  3F3-^H4  groiq>, 
idiile  the  xaB0.20  senile  shows  the  opposite  behavior.  Although  the  x=0.20  san^ 
qiectra  di^lays  a  broad  defect  eoiission  near  0.92  eV  and  water  ateoiption  between 
0.87  and  0.93  eV,  the  3F3->3H4  groiq>  of  Pr^*^  dominates  the  much  weaker  ^G4->^3H5 
group  which  is  characteristk;  of  samples  with  A1  mole  fractions  greater  than  0. IS.  The 
Pr  emission  intensity  bdiavior  of  these  samptes  shows  that  die  switch  to  stronger 
3F3-^3H4  emissions  occurs  at  an  A1  mole  fraction  above  x=0.10.  Combining  this  with 
earlier  data,  the  A1  mole  fraction  at  which  the  Pr  emission  groiq)  intensity  switch 
occurs  is  between  x=0.10  and  O.IS.  This  behavior  also  presents  further  evidence 
against  A1  atmns  themselves  as  the  cause  for  the  intensity  shift  in  Pr  emission  gnxqis. 

Pr  Irnninescence  Dependence  nn  F.xcitation  Power 

Determination  of  the  behavior  of  Pr  luminescence  as  a  function  of  laser 
punning  power  is  a  requirement  to  guarantee  the  reliability  and  consistency  of  results 
and  can  yield  information  on  tnc  jxcitadon  process  as  well.  It  is  inqwrtant  to  keep 
sanqile  heating  to  a  minimum,  since  the  concurrent  ejqiansion  of  the  lattice  can  alter  the 
ejqierinieittal  results.  Operation  of  the  laser  at  a  power  below  saturation  of  the  Pr 
luminescence  is  desirable  to  minimize  the  effects  of  laser-induced  sanqile  heating.  The 
PL  intensity  variance  with  laser  power  for  tte  0.779  eV  peak  of  SI-AIq  i5Gao  85As:Pr  is 
shown  in  Figure  24.  This  is  representative  of  the  behavior  of  aU  lines  in  all  hosts. 
Three  different  laser  apertures  were  required  since  no  one  aperture  value  can  span  the 
entire  range  of  power.  As  seen,  operation  of  the  laser  in  the  100  to  300  mW  range, 
which  was  used  in  all  e;q>eriments  in  this  effort,  is  well  below  any  conceivable 
saturation  point. 

No  saturation  power  point  for  the  Pr  PL  was  detected  in  this  study.  No  power 
above  700  mW  was  attanpted  because  of  possible  sanq>le  damage,  but  the  steadily 
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Intensity  (arb  units±.03) 


Figure  24.  Bdiavior  of  the  0.779  eV  peak  of  SI-A]o.isGao.gsAs:Pr  with  Ar'*'  laser 
power 


kicfeaniig  imenBity  wkli  powa*  tiirough  700  mW  can  be  ejqplained  panlleling  the 
wotfc  Beiiyattou  a  al.  (Bo^attou  et  al. .  1991:2133).  These  w(n1cers  found  a  sqpuu« 
root  dqiendence  of  the  PL  intensity  with  laser  power  for  the  1.54  n  onissions  frcnn 
A]o.5sGao.45As:Er.  Their  e]q>lanation  assumed  the  Er  introduced  an  isoelectronk  tn^ 
in  the  host  bandgi^)  which  trapped  excitons.  The  bound  exciton  recombination  energy 
could  then  be  transferred  either  to  the  Er  atom  or  to  a  free  carrier  via  an  Auger 
process.  The  probability  of  this  competing  Auger  process  is  then  pn^rtional  to  the 
demity  of  free  carriers.  Defining  the  conceittration  of  fiee  carriers  as  n,  then  the 
likelihckxl  of  the  bound  exciton  recombination  energy  transfer  to  a  free  carrier  is  Bn, 
where  B  is  the  transfer  constant.  The  total  probability  for  bound  exciton  energy 
transfer  to  the  Er  atom  is  given  by  (Benyattou  et  al. ,  1991:2133) 


P^+Bn' 


(9) 


where  is  the  excitation  rate  of  the  Er  atoms.  The  rate  equation  for  Er  excitation  is 
then 


Pe 

P^  +  Bn 


(10) 


where  n%  is  the  excited  erbium  concentration,  is  the  concentration  of  bound 
excitoiK  proportional  to  the  light  flux  and  is  the  Er  fluorescence  decay  time 
constant.  These  workers  further  assumed  a  bimolecular  recombination  of  the 
photogenerated  carriers  requiring  that  n=B\^y^  and  that  the  Auger  process  dominates 
due  to  higih  flux  rate.  The  steady  state  solution  is  then 
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(11) 


c 


idme  C^BB\  Thus  Ae  doisity  of  excited  Er  attxns,  under  these  assumptions,  is 
pfoputiuial  to  Ae  sqpiare  root  of  the  puaq>  power.  This  model  can  also  be  used  to 
exfdain  Ae  beiiavkMr  of  the  Pr  intensity.  The  Pr  PL  immsities  I  m  Figure  24  were  fit 
to  Aeetpiatkm 


I  =  a+byfp,  (12) 

where  P  is  the  laser  punq)  power  m  milliwatts  and  a  and  b  are  the  fitting  parameters. 
A  very  good  fit  was  obtained  using  n=3.64±0.21  and  b=0.84±0.()2  for  the  i4)erture 
1  case,  a=3.88±0.13  and  b=0.7S±0.01  for  the  aperture  2  case,  and  a=3.74±0.4S 
and  b=0.7S±0.()2  for  the  aperture  3  case.  The  use  of  the  single  offset  parameter  a 
was  required  for  good  fits  and  is  justified  as  a  correction  factor  corresponding  to  some 
background  luminescence  at  this  peak.  The  behavior  of  the  Pr  luminescence  wiA  laser 
power  is  well  explained  by  this  process  showing  that  there  is  a  substantial  competition 
for  the  BE  recombination  energy  between  tl^  Pr  ions  and  Auger  processes  of  free 
carriers. 

Temperanire  Dependence  of  Pr  Luminescence 

In  order  to  learn  more  about  the  nature  of  the  Pr  excitation  mechanism,  certain 
parameters  of  the  photoluminescence  experiment  may  be  altered  while  examining  the 
bdiavior  of  the  Pr  luminescence.  One  important  parameter  is  the  san:q>le  tenq)erature. 
While  Ae  analysis  of  PL  emission  lines  alone  gives  the  transition  energies, 
mvesdgation  of  the  tenqierature  dependent  changes  in  the  PL  spectra  can  give 
inqwrtant  information  such  as: 
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I)  aa  eipanried  energy  levd  structure  via  'hoc  lines,' 


2)  the  activirtk»  oiergies  associated  with  die  traiaitk»is  ctNieqxMidins  to  each 
qiecCral  line  at  gtoap,  and 

3)  identification  of  different  luminescent  centers  via  distinct  tanpmhire 
dqiendent  behavkv  of  emission  lines. 

The  eiqianded  energy  levels  are  determined  through  the  rise  of  'htrt  lines.' 
These  are  qiectral  lines  not  generally  seen  at  very  low  tenqperature  ( <  3  K),  but  which 
ai^iear  and  grow  as  the  ten^rature  increases  while  the  normal  'cold  lines'  are 
diminishing.  Hot  lines  result  fixmi  the  thermal  populating  of  higher  than  the  lowest 
energy  states  in  the  iqiper  level  of  an  emissive  transition.  The  energy  state  of  the  ui^r 
level  can  be  assigned  by  assuming  that  the  next  lowest  spectral  line  transitions  to  the 
same  lower  state  or  by  using  consistency  between  several  hot  lines. 

The  activation  energy  is  more  closely  related  to  the  excitation  mechanism  itself. 
The  activation  energy  represents  an  energy  step  in  the  excitation  mechanism 
responsible  for  die  spectral  line  transition  which  is  thermally  deactivated  as  the 
tenq)erature  increases.  This  effect  is  manifest  as  the  familiar  decrease  in  cold  line 
luminescence  intensity  as  tenqierature  increases.  An  exanq)le  of  a  thermal 
dqxjpulation  mechanism  is  excitons  bound  to  shallow  in^Hirity  energy  levels.  As  the 
teiiq)erature  increases,  the  bound  exciton  eventually  gains  sufficient  energy  to  break 
free  fnnn  the  kqnirity  (dissociation).  This  ten^)erature  corresponds  to  the  activation 
energy  via  the  Boltzmann  distribution.  Another  mechanism  which  thermally 
dqx^Hilates  and  is  a  plausible  step  in  RE  luminescence  is  electrons  (or  holes)  bound  to 
impurities  (such  as  REs).  These  trapped  carriers  can  form  bound  excitons  and  so 
rqnesent  another  path  to  excitation.  The  activation  energy  in  this  case  corresponds  to 
the  bound  carrier  ionization  energy.  Experimentally,  luminescence  which  depends  on 
bound  exciton  recQnd>ination  at  an  impurity  site  would  diminish  substantially  above  this 
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tempmture.  By  tfaeir  very  nature,  tKM  lines  also  reduce  the  intensity  of  their 
acctMnpanying  emission  grot^)  cold  lines  by  decreasing  the  population  of  the  low^ 
mietgy  state  in  die  u{^r  transition  level.  The  hot  lines  will  then  have  an  activation 
energy  which  will  prcrtiably  be  different  for  each  emission  group  since  the  crystal  field 
splittiiigs  are  probably  not  identically  spaced. 

Paralleling  Bimberg  et  al.  (Bimberg  et  al.,  1971:3451-3455),  the  activation 
energy  (or  energies)  may  be  calculated  by  assuming  a  Boltzmann  distribution  for  the 
exciton  energy  levels  with  Cq  designated  as  the  bound  ground  state  and  Cj  as  the  single 
excited  or  dissociative  energy  state.  (Note  that  there  is  no  inconsistency  in  viewing  the 
excitons  or  carriers  in  a  PL-driven  system  as  being  in  thermal  equilibrium  as  distinct 
from  the  steady  state  excitation/de-excition  processes.  The  only  requirement  which  the 
excitons  must  meet  is  lifetimes  sufficient  for  thermalization  to  equilibrium.)  One  next 
assumes  a  fixed  total  number  of  excitons  N^(7}  at  a  tenqierature  T  with  as  the 
average  number  of  bound  excitons  at  T  ami  Ni(I)  as  the  number  of  dissociated 
excitons.  The  conservation  equation  for  this  simple  2  level  system  is  then  given  by 

No(r)+N,(r)=Nc(r).  (i3) 

The  ratio  of  the  Boltzmann  distributed  particles  in  energy  levels  Sq  and  8]  is 

go  ’ 

where  gj  and  are  the  degeneracies  of  the  respective  energy  levels  and  k  is 
Boltzmann's  constant.  Identical  equations  hold  for  the  ratios  of  the  populations  of 
other  energy  levels  if  they  are  postulated.  Combining  these  equations  and  assuming 
only  2  levels,  tte  ground  state  Sq  and  the  dissociative  energy  state  8^,  we  obtain 
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(15) 


ffa(D  =  A^o(^l+— * 

^0 

The  teoaperatiire  dqpendence  of  A^(;(7)  is  not  known  and  is  taken  to  be  a  omstuk  over 
the  Ktw^frf  temperatuie  range  of  interest.  Actually,  this  assunq>tkm  is  valid  for  PL  in 
vdiicfa  a  comtant  laso:  power  creates  a  constant  density  of  electron-hole  pairs  forming 
excitcms  in  die  sanmle.  This  means  dut  Nq(1)-Nq(0)=^No(0),  so  that 

=  (1  -I-  ,  (16) 

A^c(O)  ^  ‘  ’ 


where  Cj^gjlgo  and  £/=8i-eo.  NqCIJINqCO  is  thus  the  fractional  number  of  excitons 
sdll  bound  and  therefore  available  for  the  radiative  recombination  process.  Thus  the 
intensity  of  luminescence  coiqiled  to  these  bound  excitons  is  proportional  to  the  ground 
state  population  as  a  function  of  tenmerature  is 


(17) 


where  /j-  is  the  luminescent  intensity  at  tenmerature  T  and  is  the  intensity  at  0  K. 
Thus  this  equation  relates  the  temperature  dependence  of  the  spectral  line  intensity  to 
the  activation  energy  Ej.  The  relative  magnitude  of  the  exponential  coefficients 
reinesent  the  efifteiency  of  the  quenching  mechanism  corresponding  to  that  activation 
energy. 

Double  activation  energies  are  typically  used  in  activation  energy  calculations 
ftir  Er  (Langer  et  al.,  1993,  19)  and  Yb  (Thonfce  et  al.,  1990:1128).  These  systems 
are  considered  to  represmit  a  three  state  process.  Paralleling  the  previous  derivation. 
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die  Wtovkv  of  the  n.  imrasity  resultii^  firom  a  system  with  2  activation  mergies  is 


^  (18) 

h 

where  Ej  and  £2  ^  ^  activation  energies  and  Cj  and  C2  are  the  corresponding 
d^eneracy  fretiMrs. 

In  iMractice,  one  records  the  integrated  intensity  of  a  specific  peak  at  several 
taqperatures  and  fits  the  data  to  Eq  (17)  or  Eq  (18)  using  Ij^Iq  and  T  as  the 
indepradent  variables  with  Cj  and  Ej  (and  C2  ^  £2)  as  the  dqiendent  variables. 
OnDoputer  programs  such  as  Jandel's  TableCurve  can  automatically  find  the  best  fit  of 
the  data  to  the  exponential  activation  energy  equation. 

The  primary  thermal  quenching  mechanism  which  may  be  manifest  as  the 
activation  energy  for  RE  luminescence  quenching  is  bound  excitons  dissociating  from 
the  Pr  ion  to  free  exciton  states.  This  process  deprives  Pr  ions  of  their  localized  energy 
source,  thus  quenching  the  luminescence.  The  actual  energy  Ex  of  a  free  exciton  is 
based  on  a  hydrogen-like  model  with  the  electron-hole  pair  orbiting  their  center  of  mass 
and  is  given  by 


--^rV  1 


(19) 


where  m/  is  the  reduced  mass  of  the  electron  and  hole  effective  masses  in  the  host,  q  is 
the  unit  charge,  h  is  Planck's  constant  (here  reduced  by  2n),  e  is  the  lK>st 
semiconductcnr  dielectric  constant,  and  n  is  an  integer  ^1  indicating  exciton  excited 
states  (Pankove,  1971:12).  Thus,  the  free  excitons  in  a  semiconductor  have  energies 
depmident  on  the  host  hole  and  electron  effective  masses  and  the  material's  dielectric 
constant.  For  AlxCai.^As,  these  energies  may  be  empirically  described  as  a  function  of 
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the  A1  mole  fractkmx  (Adaclii,  198S:R18) 

Ejf(x)  =  4.7 +6.82x+5.48x*  meV .  (20) 

Using  diis  foranila,  one  otrtains  free  exciton  energies  of  4.7  meV  for  GaAs,  5.8  meV 
for  AlojsGao  g5As,  and  7.2  meV  for  AI0.30Ga0.70As. 

Finally,  the  qualitative  behavior  of  sets  of  emission  lines  within  a  single 
transition  groiq>  can  indicate  the  existence  of  multiple  luminescent  centers.  A  marked 
difference  in  die  diermally-induced  decay  of  intensity  between  two  or  more  sets  of  lines 
in  an  emission  group  indicates  differing  excitation  paths  and  corre^ndingly  differait 
cemm.  However,  kfeitical  behavior  of  a  set  of  lines  is  strong  evidence  for  a  common 
excitation  mechanism. 

For  this  study,  Pr-inqilanted  SI-GaAs,  SI-Alo.15Gao.85As,  SI-Al0.30Ga0.70As, 
and  SI-Alo.5oGao.5oAs  hosts  were  optinially  annealed  as  previously  found.  The 
tenqierature  of  each  sanqile  was  varied  and  conqilete  PL  spectra  were  collected  at  each 
tenqierature.  Ncnmally  filters  are  used  to  remove  all  but  first  order  emissions  to 
prevent  otecuring  the  Pr  luminescence.  However,  in  this  study  the  thermal  behavior  of 
die  band-edge  anisskms  is  also  of  interrat,  so  optical  filters  were  used  to  allow  second 
order  band-edge  emissions  to  be  superimposed  on  the  normal  Pr  spectra.  Specifically, 
a  1(X)0  nm  long  pass  filter  is  normally  used  which  should  allow  only  first  order 
emis^ms  over  the  spectral  range  of  100(X)  to  2(XX)0  A,  whereas  a  780  nm  long  pass 
filter  was  used  in  all  tonperature  dependent  runs  allowing  second  order  passage  of  the 
GaAs  tand-et^  (8150  A).  An  quantitative  analysis  of  die  emission  peak  intensity 
bdiavior  will  follow  die  review  of  temperature  behavior  for  all  hosts. 

The  temperature-dependant  behavior  of  Pr  photoluminescence  for  the  SI-GaAs 
host  is  shown  in  Figure  25.  Second  onfer  near-band-edge  emissions  are  visible  at 
energies  of  0.7^  eV  and  0.747  eV.  Because  these  onissions  are  second  order,  diey 
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Luminesoenoe  Energy  (eV) 


Figure  25.  Photohimiiiesceiice  spectra  taken  at  various  tenq)eratuies  for  SI-GaAs 
myhmted  widi  Pr  at  390  keV  with  a  dose  of  1  x  lO^Vcm^  and  annealed  at  775  **C 


are  easily  distinguished  from  the  Pr  emissions  using  {^ropriate  long  pass  filters,  but 
also  by  dieir  much  faster  decay  with  temperature,  although  weak  near-band-edge 
einissi(»is  are  still  clear  even  at  100  K.  The  0.747  eV  (1.494  eV/2)  peak  is  commonly 
identified  as  onissions  from  the  C  on  As  site  free-to-bound  transition  in  GaAs,  while 
the  0.729  eV  (1.4S8  eV/2)  corresponds  to  a  GaAs  LO  phonon  (~36  meV)  rq>lica  of 
die  1.494  eV  peak. 

The  now  fruniliar  'cold'  lines  in  each  of  the  two  main  Pr  emission  groiq)s.  A,  B, 
C,  D,  M,  N,  O,  P,  and  Q  are  all  distinct  for  sample  ten^ratures  of  3  through  50  K. 
Pbaks  in  each  of  these  emission  groiq)s  decrease  at  the  same  rate  while  the  'hot'  lines 
designated  HLl,  HL3  and  HL4  all  appear  to  increase  intensity  up  through  about  40  K. 
The  exact  energy  position  of  tdl  cold  and  hot  lines  was  given  in  Table  13.  HL3  is  very 
close  to  peak  M  with  a  separation  of  only  1  meV  making  resolution  difficult  at  the  slit 
widths  required  for  a  sufficient  signal-to-noise  ratio.  The  persistence  of  PL  from  Pr  to 
temperatures  higher  than  the  temperature  at  which  the  band-edge  emissions  are 
completely  quenched  inq)lies  that  the  Pr  trapping  energy  of  an  exciton  is  higher  that  the 
carbon  acceptor  level  of  25  meV. 

Like  GaAs:Er,  die  Pr  linewidths  do  not  increase  with  T  (within  experimental 
resolution)  or  form  phonon  absorption-based  emission  lines  (Favennec  et  al., 
1989:333).  This  suggests  that  the  4f  intracenter  transitions  in  die  Pr-inqilanted  material 
are  not  coiqiled  to  phonons.  Additionally,  the  strong  intensity  of  these  suspected  BE- 
related  emissions  at  relatively  high  temperatures  is  not  usually  observed  for  BE 
transitions  at  donor/accqitor  centers  and  is  more  typical  of  BE  recombination  at 
isoelectronic  sites  (Lozykowski,  1993:759).  Upon  this  evidence,  the  optically  active  Pr 
sites  are  likely  to  be  isoelectronic  to  the  host  lattice. 

The  stronger  emissions  of  the  SI-Alo.15Gao.g5As  sanqiles  allowed  tracking  of  the 
huninescence  of  peaks  A,  B,  C,  and  D  as  high  as  1(X)  K  as  displayed  in  Figure  26. 
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Figure  26.  Photoluminescence  spectra  taken  at  various  teiiq)eratures  for  SI- 
Alo i50aog5As  Hiylanted  with  Pr  at  390  teV  with  a  dose  of  and  annealed 
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The  weak  peaks  M,  N,  O,  P,  and  Q  were  extinguished  almost  oitirely  above  30  K. 
Mmte  hot  lines  are  evident  dian  in  the  GaAs:Pr  case.  HLl  peaks  in  intensity  around  30 
to  SO  K,  ^i^adle  die  weaker  HLla  and  HLl  grow  up  through  about  70  K.  HL3  is  weakly 
seen.  The  seccmd  coder  emisskm  of  the  C^s  FB  1.494  eV  transition  from  the  GaAs  ctq) 
layer  is  again  seen  at  0.747  eV  with  no  phonon  replica,  but  the  other  near-edge  PL 
differs  frcnn  dutt  of  the  GaAs  case.  The  0.739  eV  peak  (second  order  of  1.478  eV)  is 
an  undetermined  FB  or  DAP  emission,  but  the  0.758  peak  Qocated  next  to  peak  A) 
ccoreqxmds  closely  to  the  second  order  of  the  low  ten^ierauire  FE  transiticm  of  GaAs 
at  I.SIS  eV. 

Toiqierature  dqiendant  PL  of  SI-Alo.3oGao.7oAs:Pr  shown  in  Figure  27 
essentially  mirrors  that  of  SI-AIq  i5Gao.85As:Pr  with  much  weaker  intensity  across  the 
spectrum  and  widi  band-edge  emissions  similar  to  that  of  GaAsiPr.  This  data  is  shown 
to  emidiasize  the  consistency  of  the  Pr  hot  and  cold  lines  in  these  Al-bearing  hosts.  In 
this  ho^  only  peak  C  has  sufficient  intensity  over  the  tenqierature  range  to  allow 
meaningful  quantitative  analysis  of  the  activation  energy. 

Theoretically,  the  identification  of  hot  lines  should  allow  assignment  of  excited 
energy  states  to  the  tqiper  levels  in  the  transitions.  The  difficulty  in  this  instance  is  that 
very  few  hot  lines  were  seen.  This  allows  mult^le  different  energy  level  assignments 
for  each  hot  line  making  unique  upper  energy  level  assignments  difficult.  For  example, 
HLl  may  be  associated  with  excited  upper  level  transitions  of  peaks  A  or  B.  Similarly, 
all  hot  lines  in  an  emisskm  groiq)  could  correspond  to  excited  iq>per  level  transitions 
fixnn  any  lower  eimgy  transition  in  that  grotq).  What  is  needed,  but  not  present,  is  a 
ccmiplde  set  of  hot  lines  with  energy  sp«:ing  identical  to  those  of  the  cold  lines,  but 
offiet  by  the  difference  in  energy  between  the  lower  and  u{^r  excited  transition  states. 


87 


The  integrated  huninescence  intensities  of  peak  C,  Q,  and  HLl  olMained  finnn 
SI-Aloj5Gao  g5As:Pr  are  plotted  in  Figure  28.  The  behavior  of  the  peak  C  (0.779  eV 
line)  and  its  accranpanying  emission  group  show  a  very  interesting  behavior  of 
increasing  intensity  over  the  traqterature  range  from  3  to  about  15  K.  However,  this 
increase  in  intei^ity  does  not  occur  in  other  emission  groups  in  SI-A]o.i5Gao  g5As:Pr. 
Emisskms  described  by  die  quenching  model  previously  discussed  should  show  only  a 
continuing  decrease  in  intensity  with  increasing  sanq)le  temperature  as  with  the  peak  Q 
in  Figure  28  or  should  increase  from  essentially  zero  following  a  Boltzmann 
temperature  distribution  intensity  like  the  0.773  eV  hot  line  HLl.  However,  peak  C 
shows  a  strong  intensity  even  at  the  lowest  temperature,  which  is  inconsistent  with  hot 
line  bdiavior,  and  an  increasing  intensity  with  temperature  over  a  limited  range,  which 
is  inconsistent  widi  normal  tenq)erature  (pienching  associated  with  cold  lines.  A 
similar  increase  in  peak  intensity  with  tenqierature  is  seen  firom  Alo.45Gao  4sAs:Er 
emisskms  in  figures  from  a  piper  by  Benyattou  et  al. ,  but  the  authors  make  no  mention 
of  this  behavior  (Figures  2(a)  and  (b)  in  Benyatou  et  al.,  1992:351).  The  explanation 
of  the  tenoperature  behavior  of  this  peak  is  not  well  understood  at  present. 

The  strongest  cold  lines,  peaks  C  and  Q,  were  fitted  to  Eq  (18)  to  determine 
activation  energies  intrinsic  to  the  excitation  mechanism.  Since  each  emission  line  of 
the  grotp  varied  intensity  closely  together,  the  peaks  C  and  Q  were  chosen  as 
representative.  Single  activation  energy  equation  fits  were  used  when  an  excellent  fit 
was  obtained,  odierwise  double  activation  energies  were  afplied.  Figure  29  shows  the 
fit  to  peak  Q  in  SI-Alo.i5Gao.85As:Pr  for  parameters  correspondmg  to  2  activation 
energies  of  Ej=‘l.4±Q.5  meV  and  £2=6.0±1.6  meV  and  for  the  single  activation 
energy  of  £;=9.6±2.0  meV  for  peak  C.  Figure  30  shows  the  fit  to  peak  C  in  SI- 
GaAs:Pr  for  parameters  corresponding  to  activation  energies  of  £;= 1.2±0.6  meV  and 
£’2=22.5±9.0  meV,  and  to  peak  Q  using  £;=2.2±0.4  meV  and  E2-2%.9±2.9  meV. 
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Figure  28.  The  tempoature  beha^  of  the  integrated  himinescence  intensity  of  peaks 
C,  Q,  and  ULl  in  SI-A]o,i50ao.g5As:Pr  inqplanted  with  Pr  at  390  keV  with  a  dose  of 
5  X  10^2/^  ami  annealed  at  77S  **C 
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29.  The  fenqiefatiiie  behavior  of  the  integrated  luminescence  intensity  of  peaks 
C  and  Q  in  SI-AIq.is^.ss^'^  fitting  to  Eq  (18)  with  E|»9.6  meV  for 

peidt  C,  and  widi  Eisl.4  meV  and  E2=6.0  meV  for  peak  (} 


91 


Note  tint  both  peaks  have  the  same  activation  energy  pairs  within  the  fitting 
parameter's  sOandard  errors.  In  SI-AIq  3oGao  7oAs;Pr,  only  peak  C  was  strong  enough 
to  conduct  a  tenqterature  dq>endence  study.  This  peak  gives  weak  corroboration  to  the 
behavk>r  of  peak  C  in  SI-AIq  isGao.gsAsrPr,  and  the  effect  is  small  enough  that  a 
satisfactory  fit  to  the  siii4>le  activation  energy  Eq  (18)  could  be  obtained.  Figure  31 
shows  the  fit  to  peak  C  in  SI-A1q joGao joAstPr  for  parameters  corresponding  to  Eq 
(18)'s  activation  energy  Ej=5.6±0.S  meV. 

Figures  29  through  31  conform  to  the  typical  plot  format  for  PL  tenq)erature 
dq)endeiice.  They  are  displayed  using  semi-natural  logarithm  intensity  versus  inverse 
tenqierature  to  aid  in  the  quick  visual  confirmation  of  the  semi-logarithmic  linear 
behavior  of  the  intensity  at  higher  temperatures.  This  results  from  the  increasing 
dominance  of  the  inverse  exponential  terms  in  Eq  (18)  as  T  grows.  Data  from  a 
sufficiently  wide  tencqierature  range  will  iiK^lude  several  points  in  this  linear  high 
tenq)erature  regime  to  unambiguously  define  tlK  activation  energy. 

Table  14  summarizes  the  activation  energies  derived  from  Eq  (18)  and  the 
tetq)erature-depeiident  PL  data  for  both  of  the  representative  peaks.  The  fits  were 
determined  using  TableCurve  (Jandel  Scientific  Inc)  and  verified  using  Origin 
(MicroCal  Inc)  or  Mathcad  (MathSoft  Inc).  The  reported  uncertainties  correspond  to 
the  standard  error  reported  by  TableCurve,  where,  for  a  large  sample  set,  about  68% 
of  the  data  would  fall  within  these  values.  The  activation  energy  reported  for  Peak  C 
for  SI-Aloj[3Gao  g5As  is  that  of  the  best  fit  using  E/  in  Eq  (18).  The  activation  energies 
for  each  host  are  within  fkting  uncertainties  of  each  other  so  no  conclusive  evidence  for 
different  luminescent  centers  or  excitation  paths  for  the  different  emissions  groups  is 
seen.  T.aclring  other  evidence,  these  emissions  must  be  considered  to  emanate  from  a 
ctnmnon  Pr  himinescent  center  through  a  common  excitation  process. 
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1/Temperature  (K"'*) 

Hgiue  31.  The  tenq^erature  behavior  of  the  integrated  luminescence  intensity  of  peak 
C  in  SI-A]o,3oGao,7oAs:Pr  with  lines  fitting  to  Eq  (18)  with  Ej  =5.6  meV 


TABLE  14 


Activatioii  Energy  Parameters  for  Pr  PL  in  SI-Al^Gai.^As 


«1 

PMhC.1 

Ef  (mVI 

L779«V 

«I 

EjiMV) 

PMkO. 

Ef  (MoV) 

1.145  iV 

*2 

E2(mV! 

0.6 

1.2±0.59 

268.4 

22.5±9.0 

mm 

2.2±0.43 

2389.9 

28.9t2.9 

9.9 

9.6±2.0 

• 

• 

2.0 

1.4t0.45 

30.9 

6.0±1.6 

5.8 

5.6±0.8 

- 

- 

too  woak 

too  weak 

too  weak 

too  week 

Several  other  researchers  have  worked  on  the  activation  energies  of  the  Er  and 
Yb.  For  exanq)le,  Benyattou  and  workers  obtained  activation  energies  for  PL  of 
SI-Gao  55A]o.4sAs:Er,  and  found  different  activation  energies  for  different  Er  emission 
energies  (Benyatou  et  al.,  1992:351).  These  include  67  meV  for  the  0.9  micron 
emissions,  40  meV  for  the  1.54  micron  emissions,  and  25  meV  for  the  1.57  micron 
emissions.  In  explaining  these  data,  they  discounted  multiphonon  decay  due  to  the 
large  number  of  phonons  required  to  bridge  the  energy  gap.  Instead  they  suggested 
that  these  energies  could  be  related  to  a  b«;k  transfer  of  energy  from  the  Er  excited 
state  to  the  bound  exciton  level  responsible  for  4f  excitation.  Langer  and  coworkers 
proposed  a  pair  of  activation  energies  of  74  and  11  meV  for  the  1.54  micron  emissions 
of  GaAs:Er,  and  suggested  that  these  correspond  to,  respectively,  c{q)ture  of  electrons 
by  excited  RE  ions  from  the  conduction  band  at  elevated  tenq)eratures  and  thermal 
ionization  of  bound  excitons  at  the  Er3+  centers  (Langer  et  al.,  1993:19).  Thonke  et 
al.  and  Klein  reported  similar  values  for  activation  energies  of  InP:Yb  of  12  and 
118  meV  for  an  n-type  host  and  10  meV  for  a  p-type  host  (Thonke  et  al.,  1990:1127; 
Klein,  1988:1098-1099).  Thonke  made  no  specifrc  proposal  for  the  nature  of  the 
activated  quenching  mechanism  and  assumed  a  thermally  activated  dissociation  of  the 
luminescent  complex  in  two  steps  (Thonke  et  al. ,  1990: 1 127).  Klein  proposed  that  the 
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laige  acdvittkni  energy  was  ccai^Nurable  to  the  bindiqg  energy  of  a  hole  to  a  nnitral  Yb 
accqptor  and  possible  involvement  of  a  population  of  non-equilibrium  carriers  which 
recombine  with  carriers  tnq)ped  on  defect  centers  (Klein,  1988:1098-1099). 

With  these  past  analyses  in  mind,  the  Pr  activation  energies  may  now  be 
e]q)lained.  The  higher  activation  energies  for  each  host  (>4  meV)  probably 
correspond  to  the  dissociation  of  excitons  bound  to  the  Pr  ions.  The  lower  activation 
energies  (<4  meV)  are  attributed  to  the  effect  of  the  hot  lines  of  each  group  which 
depcqmlate  the  bottom  most  upper  level  states  of  the  cold  line  transitions  such  as  those 
monitored  for  these  activation  energy  calculations.  This  inq)lies  that,  for  GaAs:Pr,  the 
rmt  higher  state  of  the  ^F3  excited  energy  level  is  ~  1.2  meV  above  that  from  which 
the  3F3->3H4  emissions  emanate,  while  the  next  higher  state  of  the  ^64  level  is  elevated 
by  -2.2  meV.  A  similarly  small  activation  energy  for  the  0.945  eV  peak  from 
Alo  i5Gao.g5As:Pr  implies  that  the  next  upper  state  of  the  IG4  level  is  elevated  by 
1.4  meV  which  is  consistent  with  the  value  2.2 ±0.5  meV  observed  for  GaAs.  The 
previously  discussed  pronounced  increase  in  Pr  peak  C  up  through  40  K  no  doubt 
overwhelmed  any  small  hot  effect  on  this  peak,  so  no  hot  line-associated  activation 
energy  was  found  for  this  peak.  These  small  inq)lied  crystal  field  splittings  are  similar 
to  the  splittings  of  PL  lines  as  low  as  4  meV  and  are  near  to  the  smallest  hot  line  states 
of  about  0.9  meV  (peak  HL3  to  M),  2.7  meV  (peak  HLA  to  P)  and  3.5  meV  (peak  HLl 
to  B)  (for  (jaAs:Pr  in  Table  13).  This  hot  line  quenching  effect  will  probably  be  much 
weaker  than  that  of  trapped  carrier  dissociation  at  Pr  s:tes,  which  is  confirmed  by  the 
smaller  c  coefficients  for  the  smaller  activation  energies  associated  with  the  hot  lines. 

Selective  Excitation  of  Pr  Luminescence 

The  selective  excitation  experimental  results  gave  direct  insight  into  the 
excitation  mechanism  of  Pr  in  Al^Gai.^As  hosts.  After  calibration  of  the  tunable 
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Ti:Si4>|Aiire  laser  wavetength  versus  position,  a  comiaiter  program  was  coded  to 
automatically  control  the  output  wavelength  of  the  laser,  collected  data  from  die 
detector,  calilnated  and  stored  tte  data.  The  uncertainty  of  laser  excitation  energy 
measuremeitts  reported  in  this  section  stems  from  the  standard  error  of  the  equation 
used  to  fit  the  laser  calibration  and  is  ±3  meV.  The  laser  was  tuned  fhmi  7070  A 
(1.75  eV)  tiirough  86(X)  A  (1.44  eV).  The  low  tenqwrature  direct  bandgap  of 
AlxGa|.]^  was  calculated  from  experimentally  determined  parameters  reported 
receotly.  The  direct  bandgap  as  a  function  of  the  A1  mole  fr:action  x,  Eg(x),  is  defined 
by  (El  AUai  et  al. ,  1993:4403) 

Eg  (x)  =  Ego^  +  or + (21) 

where  Eg  ^^As  ^  ^  GaAs  bandg^  at  T=0  K  given  as  1.519  eV,  and  a  and  b  are 
fitting  parameters  which  were  determined  to  be  1.447  eV  and  b=-0.15  eV  for  T=0 
K.  Since  this  enqiirical  equation  is  valid  only  for  direct  gap  material,  the  range  for  x  is 
0.0  to  0.4.  This  gives  bandgaps  of  1.52  eV  for  GaAs,  1.73  eV  for  Alo.15Gao.g5As,  and 
1.94  eV  for  Al0.30Ga0.70As  (2.07  eV  for  Al0.50Ga0.50As  as  noted  previously).  Thus  the 
selective  excitation  spanned  from  above  to  below  bandgap  energies  in  both  low 
temperature  GaAs  and  Alo.15Gao.g5As.  For  the  other  hosts  the  excitation  energy  ranged 
below  gap  firom  about  186  to  493  meV  in  Al0.30Ga0.70As  and  about  316  to  623  meV  in 
Alo.5oGao.5oAs.  For  conq)arative  uses,  the  values  of  die  free  excitons  in  th^  hosts  is 
determined  again  frxun  Eq  (20).  The  strongest  emission  peak  in  each  group  was  used 
as  the  monitor  (0.779  eV  peak  C  and  0.945  eV  peak  Q)  and  the  intensity  data  for  these 
peaks  were  collected  at  af^roximately  5  A  intervals  of  the  excitation  laser  wavelength. 
Tests  were  run  on  optimally  Pr-inq>lanted  and  annealed  SI-GaAs:Pr, 
SI-Alo.i5Gao.g5As:Pr,  SI-Alo.3oGao.7oAs:Pr,  and  SI-Alo.5oGao.5oAs:Pr,  however  tests  of 
Sl-Alo.3oGao.7oAs;Pr  and  SI-Alo.5oGao.5oAs;Pr  revealed  no  Pr-related  luminescence 
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iwlwinewr  over  die  endie  «citttk>n  energy  range.  This  is  due  to  the  exdtatkm 
oiergies  of  die  laser  which  wm  well  below  bandgap  fw  both. 

IHgure  32  diows  the  SEL  luminescence  behavior  of  peak  C  in  the 
SI-A]o.isOao.g3As:Pr  host  which  was  found  to  be  identical  to  that  of  peak  Q.  The 
intensity  of  bodi  peaks  increase  sliglttly  as  the  laser  energy  moves  below  the  bandgap 
of  die  host  and  starts  to  decrease  sharply  at  a  laser  energy  of  about  11  meV  below  Eg. 
The  himiirscence  was  further  monitored  to  over  280  meV  below  die  bandgap  energy, 
but  no  Pr  hmunescence  was  observed  over  this  range.  This  common  behavior  of  each 
emisskm  groiqp  is  evidence  for  a  shared  excitation  mechanism  step  related  to  the  free 
carriers,  excitons,  and  near  band-edge  emissions.  The  PL  intensity  dn^  is  very 
distinct,  and  occurs  at  1.720±0.003  eV  which  is  about  11  meV  below  die  band-edge 
which  i^rees  well  widi  the  activation  energy  of  6.0  to  9.6  meV  for  these  peaks  (Table 
14).  The  half-maximum  point  of  the  intensity  drop  off  is  shown  to  be  21  meV  fixim  the 
band-e^  energy.  Since  energies  near  the  free  exciton  energy  are  required  for 
luminescence  of  Pr  in  these  hosts,  free  carriers,  excitons,  : -  x  free-to-bound 
transitions  must  be  considered  essential  for  the  Pr  excitation  process. 

Figure  33  shows  similar  behavior  from  the  SI-GaAs:Pr  sanqile.  The  intensity 
drc^  of  both  lines  is  abnqit  as  the  excitation  energy  dips  below  the  exciton  energy  level 
of  GaAs  at  1.515  eV.  The  intensity  drop  occurs  over  a  narrow  range  with  the  half- 
maximum  point  for  this  host  being  only  5  meV  below  the  FE  level  (half  that  of  SI- 
Alo  i5(jao,8sAs  case).  Peak  Q  also  has  a  clear,  below  bandgap  energy  maximum 
centered  at  1.496  eV  (24  meV  below  the  bandgqi  energy)  which  appears  to  be  about 
20  meV  wide.  This  peak  may  result  from  {nursing  directly  to  the  BE  energy  level  at 
the  Pr  ion  site  since  24  meV  is  close  to  the  activation  energies  assigned  to  BE 
dissociatkm  fmr  SI-GaAs:Pr  (22.5  and  28.9  meV).  Thonke  et  al.  reported  similar 
jdioCohiiiiinescence  excitation  behavior  of  Yb^*^  in  InP  with  a  very  steqi  dn^  of  Yb- 
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Figure  32.  Sdective  excitatkm  luminescence  intensity  at  3  K  for  peak  C  in 
SI-Alo.isGao.8sAs  inflamed  with  Pr  at  390  keV  wifo  a  dose  of  SxlO^Vcn^  and 
annealMl  U  TJ5 


rdaled  eminkMis  below  excitatioii  at  the  FE  oiergy  and  a  small  maximum  ^  about 
33  meV  below  die  InP  bandgap  energy  (Thonke  et  al.,  1990;112S).  These  wortoers 
otmchided  diat  dus  CB-33  meV  peak  could  cone^nd  to  a  inocess  in  which  electrons 
trqiped  at  die  Yb  ion  (treated  as  a  pseudodon^)  are  excited  either  to  EMT  states  (still 
bound  to  die  localized  hole)  or  direcdy  to  the  CB  (Thonke  et  al. ,  1990;!  129). 

Pomrenke  a  al.  rqported  SEL  results  on  GaAs:Pr,  which  were  limited  to  fairly 
coarse  excHation  energy  stqis  due  to  the  use  of  a  tunable  dye  lasc^*  (Pomrenke  et  al. , 
1990:333-334).  They  reported  that  die  luminescence  of  a  1320  nm  line  (0.939  eV) 
drops  in  intensity  near  the  free  exciton  energy,  however  the  coarseness  of  the  excitation 
energy  stq»  also  junqied  over  the  below  maximum  at  1.497  eV.  They  did  not 
report  SEL  for  die  1592  nm  line  (0.779  eV)  for  any  excitation  energies  less  than 
1.51  eV,  s^iich  were  seat  in  this  study  down  to  1.47  eV  (Figure  33).  However,  for  an 
excitation  energy  of  1.386  eV,  they  rqmrted  a  spectra  with  weak,  sharp  Pr  lines  quite 
diMhniUr  to  those  found  for  above  gap  excitation.  These  different  Pr  lines  are 
attributed  to  mult^  Pr  centers,  but  the  possibility  of  sotae  sharp  lines  emanating  frmn 
residiial  transitkm  elements  and  other  impurities  was  not  excluded. 

The  lack  of  Pr  luminescence  for  excitation  energws  less  than  about  25-30  meV 
bdow  die  host  band^  is  in  striking  coitfrast  to  the  bdiavior  of  Er  in  GaAs.  Colon  et 
al.  rq[K>rted  strong  Er  VL  frmn  the  1.538  micron  line  for  laser  excitation  energies  as 
low  as  960  nm  (1.29  eV  or  228  meV  below  (3aAs  bandgap)  altmg  widi  Er-related  de^ 
hcde  tnq^  (Cokm  a  al.,  1992b:673).  These  researchers  jux^xised  that  the  below-gap 
excitatkm  ionized  electrcms  from  diese  Er-related  hole  traps  into  the  CB  and  the 
remaining  bound  hole  recondiines  with  an  electron,  thus  punqiing  die  Er  luminescence. 
In  diis  inesent  stu^,  the  lack  of  any  below-^iqp  excitation-based  luminescence  ranging 
from  186  to  623  meV  below  die  gap  of  hosts  examined  gives  evidence  to  infer  then  diat 
no  such  Pr-rehned  deq>  hole  tnqis  exist  in  the  hosts  tested  hne. 
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The  commoD  dmacteristics  of  each  of  dieae  SEL  data  sets  is  the  sufBciency  of 
panping  at  or  sli^ttly  below  die  FE  enagy  of  die  host  for  inducing  Pr  huninescence. 
b  is  qipaient  diat  Pr  luminescence  in  these  hosts  can  only  be  punned  widi  energies 
mpaUe  of  creating  fiee  carriors  or  firee  excitoa,  with  the  singular  possibility  of  direct 
pumpii^  to  die  BE  energy  levels  at  the  Pr  ion. 

Ptminhimltieacgnce  of  Dual-doped  Pr  and  Rr 

In  (»der  to  evaluate  the  effect  of  introducing  2  different  RE  elements  into  a 
semiconductor,  bodi  Pr  and  Er  were  implaided  into  Al^Caj.^As  hosts.  It  was  hq[)ed 
that  the  energy  interaction  between  the  two  ions  might  serve  to  facilitate  stronger 
near  IR  emissimis  than  either  would  produce  separately.  There  are  2  competing 
medianisms  which  affect  luminescence  of  REs  in  the  same  host.  First,  separately,  bodi 
REs  ctm^ete  for  available  free  excitons  for  their  energy  source.  Second,  the  ions  may 
pair  forming  h^erogeneous  rare  earth  (xmqilexes.  These  con^lexes  may  frcilitate 
the  transfer  of  BE  recombination  energy  by  providing  energy  level  combinations  which 
ate  well  matched  to  BE  energy. 

For  dus  study,  Er  was  implanted  with  an  energy  of  1  MeV  at  doses  of  1  x  10^^ 
and  SxlQiVcm^.  Host  semkxinductors  included  SI-GaAs,  and  SI-Al^tCaj.^As  with 
x=0.15,  0.30,  and  0.50.  Portions  of  these  hosts  were  implanted  with  Er  only,  with 
bodi  &  and  Pr,  and  widi  Pr  alone.  All  san^les  implanted  with  Pr  were  at  390  1»V 
widi  a  dose  of  1  x  lO^Vcn^.  The  implant  d^th  of  Er  peak  concentrations  into  these 
hosts  qians  a  range  of  1833  A  in  GaAs  to  2048  A  in  AI0.s0Ga0.50As  as  shown  in  Table 
IS.  Although  these  implant  depths  are  roughly  twice  their  Pr  counterparts  (Table  8), 
diis  is  actually  advamageous  when  combined  with  the  dosages  used.  For  the  low  Er 
dose,  die  Er  and  Pr  inglant  profiles  are  essentially  sqiarate  as  shown  in  Figure  34. 
The  correqionding  results  may  be  viewed  as  nearly  indqiendent  luminescence  frmn 
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TABLE  IS 


Eibhim  Implant  Characteristics  (1  MeV) 


MU 

8triM8a|.AIIp(A) 

SteaAs 

1833 

527 

Si-AI|,.ig6aoj|As 

1879 

534 

1948 

545 

SI-AlgjoGaojoAs 

2048 

561 

eadi  RE.  The  high  Er  dose  caused  the  Er  density  prolfile  to  almost  completely  envelop 
die  Pr  implants  (Figure  34),  so  Pr  luminescence  in  these  sanqiles  would  have  the 
maTimtim  'Er  effect,'  if  any.  By  then  conqiaring  PL  qiectra  from  samples  of  Ix^  Er 
doses,  die  effect  of  Er  collocated  widi  Pr  at  similar  densities  can  be  seen. 

As  was  ineviously  reviewed  (Table  S),  Er  has  been  very  widely  studied,  and  is 
charactmized  by  near-IR  emisskms  Driiich  peak  in  a  narrow  range  at  1.54  fm.  A 
limitefi  RTA  Study  was  conducted  on  all  sanqiles  widi  temperatures  of  700,  750,  800, 
and  850  *€  fin:  a  duration  of  IS  seconds.  The  hi^iest  Er  PL  emission  intensities  were 
found  to  occur  for  an  RTA  traperature  of  750  **€  for  the  SI-GaAs  and 
SI-Alo.15Gao.g5As  hosts,  and  700  "C  for  the  SI-Al0.30Ga0.70As  and  SI-Al0.50Ga0.50As 
hosts.  These  RTA  diaracteristics  were  used  for  all  subsequent  samples,  both  with  and 
widnut  Pr  and  Er.  In  all  cases,  the  Er  emissions  were  significandy  stronger  for  the 
hi^mr  dose  aldiough  never  nxme  than  a  factor  of  two. 

Figure  35  shows  the  PL  of  identically  annealed  samples  of  SI-GaAs  inplanted 
widi  &  only,  Pr  only,  and  Er  and  Pr  together.  As  annealed  for  optimal  Er  PL,  the 
SI-GaAs  host  wnpianted  widi  both  Pr  and  Er  showed  virtually  no  Pr  emissions  in  either 
of  die  main  onission  groips.  This  was  true  for  both  high  and  low  doses  of  &. 
However,  very  weak,  but  distinct  Pr  emissions  in  the  0.9  eV  range  emerged  for  an 
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Figure  34.  Coocentntkm  profiles  of  Er  and  Pr  wnplanted  into  Alo.1sGao.g5As  as  used 
in  the  dQat<doping  stu^ 


RTA  ten^erature  of  800  *C  (higher  than  the  q)tiniai  tenqierature  fiv  Er)  as  shown  in 
IHgure  36.  Dotted  guidelines  are  displayed  to  distinguish  die  major  emission  lines 
fiom  eadi  RE.  The  Er  ^Ii3/2~^^Ii5/2  transition  anissicms  are  only  sligbdy  decreased  by 
die  presence  of  Pr,  while  the  Pr  emissions  are  sera  to  be  conqiletely  extinguished  by 
diepiesraceofEr. 

The  intrinsically  stronger  Pr  emisskms  frrai  Alo.1sGao.g5As  allowed  a  more 
interesting  investigatkm  of  die  emissiras  firmn  this  dual-dt^ied  host.  The  iqiper  traces 
in  I^pne  37  diow  typical  Br-oidt)r  luminescence,  which  is  very  similar  to  diat  of  the  SI- 
OaAs  host,  however  die  frmn  a  host  containing  bodi  of  Er  and  Pr  depends  on  the 
compandive  doses  of  die  wn|dMitg  (Figure  37  lower  traces).  For  equal  doses,  here 
Ixl0i3/dn?,  die  Pr  emi»ions  are  stronger  than  diose  of  Ec,  but  widi  the  Er  dose 
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F^Die  35.  plectra  taken  at  3  K  from  SI-GaAs  inq)lanted  wifri  Pr  at  390 1»V  with  a 
dose  of  1  xlO^VcQ^,  Er  at  1  MeV  with  a  dose  of  5  x  lO^Vcn^,  and  bodi  Pr  and  Er  and 
aimealed  at  750  "C 
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Figue  36.  PL  spectra  taken  at  3  K  from  SI-GaAs  implanted  with  Pr  at  390  keV  with  a 
dose  of  IxlO^Vcn^  and  Er  at  1  MeV  with  a  dose  of  SxlO^Vcni^  and  annealed  at 
various  ten^eratures 
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P||iire  37.  PL  spectta  taken  at  3  K  from  SI-Alo.15Gao.g5 As  inqilanted  with  Er  at 
1  MeV  widi  a  doses  of  1  x  10^ VcnP  and  5  x  lO^^/ci^  with  and  wittout  Pr  at  390  keV 
widi  a  dose  of  1  x  lO^Vcn^  and  annealed  at  7S0 
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iocieased  by  a  ftctor  of  five,  tibe  Er  emissions  increase  strength  at  the  cost  of  the  Pr 
inCemity.  This  implies  that  no  luminescence  enhancement  is  occurring,  and  that  the 
two  REs  are  competiog  for  punq>ing  energy  from  the  lattice.  The  higher  density  RE 
will  ct4)ture  a  greater  percentage  of  the  available  free  carriers  and  excitons.  If  any  Pr- 
Er  coniq)lexes  are  forming,  they  are  not  significantly  affecting  the  luminescent  behavior 
compared  to  the  corresponding  singly  inq)lanted  hosts.  This  effect  is  demonstrated 
again  by  con^>aring  the  thrM  variants  in  this  study  as  shown  in  Figure  38.  The  san^le 
with  pure  Pr  shows  the  familiar  pair  of  strong  emission  groups,  whUe  the  Er-only 
sanq>le  shows  similarly  strong  emissions  albeit  with  a  higher  dose.  When  these  REs 
are  combined,  as  shown  by  the  center  trace  in  Figure  38,  both  RE  emissions  are 
strongly  diminished. 

Figure  39  displays  the  PL  spectra  of  SI-Al0.30Ga0.70As  inqilanted  with  Er  only, 
Pr  only,  and  both  Pr  and  Er.  Both  RE  emissions  decreased  slightly  when  they  were 
dual-implanted,  but  the  effect  is  not  as  dramatic  as  in  the  earlier  two  cases.  Figure  40 
displays  the  PL  spectra  of  SI-Al0.50Ga0.s0As  implanted  with  Er  only,  Pr  only,  and  both 
Pr  and  &.  This  host  exhibits  different  behavior  in  that  the  Pr  emissions,  although 
weak,  seem  slightly  enhanced  by  the  presence  of  Er,  while  the  Er  emissions  are 
essentially  unchanged.  This  increase  in  Pr  intensity  is  also  acconqianied  by  a  decrease 
in  tte  broad-band  defect  emissions  centered  near  0.82  eV  in  the  dual  in^lant  case. 
With  both  of  these  apparent  effects,  it  is  difficult  to  assign  a  specific  reason  for  the 
enhancement  of  the  Pr  emissions,  especially  when  it  is  so  contrary  to  the  results  of  Pr 
PL  from  the  other  three  dual-doped  cases  in  this  study. 

Figure  41  shows  graphs  of  the  PL  spectra  from  each  of  the  SI-Al^Ga^.^As  hosts 
implanted  with  Pr  at  a  dose  of  IxlO^Vcm^  and  Er  at  a  dose  of  IxlO^^/cm^,  while 
Figure  42  shows  the  results  of  duplicated  experiments  for  an  increased  Er  dose  of 
5  xlO^Vcm^.  For  this  case  of  equal  amounts  of  Pr  and  Er  in  the  lattice,  neither  RE  PL 
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F^[iiie  38.  PL  spectra  taken  at  3  K  from  SI-Alo,]5Gao.g5As  implanted  with  Pr  at 
390  keV  with  a  dose  of  ixlO^Vcn^,  Er  at  1  MeV  with  a  dose  of  SxlO^Vcni^,  and 
both  Pr  and  Er  and  annealed  at  750  "C 
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Figure  39.  PL  q)ectra  taken  at  3  K  from  Sl-Alo,3oGaQ  7oAs  inq)lanted  with  Pr  at 
390  keV  witfi  a  dose  of  1  x  lO^^/cm^,  Er  at  1  MeV  with  a  dose  of  S  x  amj 

bodi  Pr  and  Er  and  annealed  at  700  **C 
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Figure  40.  PL  spectra  taken  at  3  K  from  SI-Aio  so^.so^  inq)lanted  with  Pr  at 
390  keV  with  a  dose  of  IxlO^Vcn^,  Er  at  1  MeV  with  a  dose  of  SxlO^^/cnP,  and 
both  Pr  and  Er  and  annealed  at  700  °C 
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Fig^  41.  PL  spectra  takm  at  3  K  from  SI-Al^Gai.^As  with  xbO.OO,  0.15,  0.30,  and 
O.SO  in^danted  with  Pr  at  390  keV  with  a  dose  of  1  x  10^ Vcm^  and  Er  at  1  MeV  with  a 
dose  of  1 X 10^  Vcn^  and  annealed  at  various  temperatures 
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42.  PL  qpectra  taken  at  3  K  from  SI-AlxCa^.j^As  widi  x=0.00,  O.IS,  0.30,  and 
0.50  ioDplaated  wiOi  Pt  at  390  keV  widi  a  dose  of  1  x  lO^Von^  and  Er  at  1  MeV  with  a 
dose  of  SxlO^Vcm^  and  annealed  at  various  ten^eratuies 
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shCRild  not  affect  tbe  Er  PL  intenaity  with  ieq)ect  to  increased  absocptkm  of  the  exhing 
Er  huninesoence,  but  fee  laser  excitation  energy  will  be  reduced  at  fee  greater  dq)fes. 
Thus  direct  ctaiqMrison  of  fee  intensities  is  inconclusive.  However,  for  fee  case  of  fee 
high  Er  dose  wife  a  five-fold  increase  in  idcnns  over  Pr,  the  Er  PL  is  increased  at  fee 
expense  of  fee  Pr  PL  (Figures  35,  38.  39  and  conqMre  Figures  41  and  42),  since  there 
is  a  modi  greater  number  of  Er  atmns  in  the  m4>iant  regicMi. 

The  significant  decrease  in  Pr  PL  in  the  presence  of  even  fee  low  dose  Er 
(botttnn  spectrum  in  Figure  41),  where  fee  Pr  and  &  are  mostly  squurated  in  die 
lattice,  suggests  that  die  ai^iarendy  shared  energy  source  (free  carriers/excitons)  is 
mobile  at  least  within  the  2000  A  implant  region.  If  tbe  free  cairiers/excitcHis  were 
created  by  the  laser  and  immediately  absorbed  only  by  local  RE  atrans,  then  no 
decrease  in  luminescence  from  eifeer  RE  should  have  been  observed. 

Although  the  dual-dq[>ing  of  Er  and  Pr  did  not  increase  the  luminescence' 
intensity  as  hoped,  inqxirtam  information  can  be  gleaned  from  this  data.  Summarizing 
the  results  from  this  dual  Pr  and  Er  inqilantation  study,  the  PL  intensity  from  each  RE 
in  dual-doped  sanqiles  was  reduced  conqiared  to  their  singly  doped  counterparts.  Tbe 
energy  positions  and  relative  intensity  of  the  PL  emissions  are  essentially  unchanged 
wifein  each  of  fee  RE  emission  groiqis.  Thus,  no  discernible  interaction  between  the  2 
different  RE  ions  is  occurring  and  their  luminescence  processes  are  essentially 
indqiendent,  although  tqiparently  conqieting  for  the  same  energy  source.  This  is 
attributed  to  a  fEuhire  of  the  Er  and  Pr  to  couple  energetically,  eitti^r  because  dtey  are 
generally  too  distant  in  the  lattice  or  an  intrinsic  inability  of  Pr-Er  pair  complexes  to  be 
excited  simultaneously  by  Auger  energy  transfer. 
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Adding  additional  elements  to  die  host:Pr  cmiqxNind.  such  as  lighter  atmiis.  is 
hoped  to  enhance  die  Pr  onisskMis.  These  extra  elonents  may  enhance  emissimis 
dvough  fomuttion  of  comidexes  with  Pr.  These  c(»iq[>lexes  may  then  (1)  have  a  greater 
pfobdnii^  of  binding  an  exciton,  or  (2)  make  the  transfer  of  exciton  recombination 
energy  more  Ukely.  The  fiMnmadon  of  diese  conqtlexes  is  especially  likely  due  to  die 
geUering  effect  of  REs  in  general. 

Sinoe  no  codoping  studies  have  ever  been  reported  on  Pr,  the  codope  elements 
for  diis  dfort  woe  chosen  based  on  elements  shown  to  enhance  Er  PL  in  Si  (Michel  a 
al.,  1991:2675).  These  include  B,  C,  N,  O,  and  F,  which  were  implanted  at  doses  of 
1x10^4  imi  ixlQiVcm^  into  semiconductor  hosts  both  without  and  with  Pr 
ingdantation  at  390  keV  with  a  dose  of  1  x  lO^Vcn^.  The  larger  doses  for  the  codope 
dements  were  chosen  to  increase  the  possibili^  of  interaction  with  the  Pr  ions.  The 
host  semiconductors  used  in  this  study  include  SI-OaAs  and  SI'Alo.i4Gao.86As.  In 
addition,  SI-Alo,i5Gao,85As:Pr  was  implaitted  with  oxygen  as  a  consistency  check 
between  host  wafers  from  different  growth  dates.  The  implantation  energies  for  each 
of  die  codope  elements  were  carefully  cht^n  to  closely  align  the  peak  ingilant  densities 
of  all  codope  inigdants  with  that  of  die  Pr  density  profile.  Since,  for  practical  economic 
reasons,  tmly  oik  ingilaiit  energy  had  to  be  selected  for  each  element,  the  profile  of  Pr 
in  Alo.1sGao.85As  was  chosen  as  the  benchmark.  Slight  differences  in  the  Pr  depth 
profiles  in  the  odier  hosts  should  make  no  significant  difference  in  the  resultant 
luminescence.  TaUe  16  shows  the  ingilant  energy  used  for  each  of  the  codope 
elements  akn^  widi  the  ingilant  dqith  information  supplied  by  the  PROFILE  code. 
Congiarison  to  Table  8  shows  the  difference  in  dqiths  from  Pr  to  be  minor,  especially 
congiared  to  the  projected  straggling  ranges.  Figure  43  shows  a  representative 
comparistm  of  die  ccMOcentration  of  Pr  and  C  atoms  for  the  ingilantation  parameters 
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TABLE  16 


Pr  and  Codope  Element  Inq>lantati(»i  Characteristics  in  Alo.i5Gao,g5As 


BMMrt 

EMrgyftaV) 

llaatB,llp(A) 

8tri|iBBg.ABplAl 

Baron 

3S 

949 

678 

CariMNi 

46 

953 

610 

litrogin 

54 

951 

586 

Oxygan 

60 

957 

589 

Fhwrina 

65 

952 

582 

Prasaadymaan 

390 

947 

323 

used  in  diis  study.  Note  that  the  straggling  ranges  projected  for  the  codopes  are  about 
twke  diat  of  Pr.  This  means  that  the  codoped  element  density  is  spread  over  a  wider 
volume  of  die  host,  thus  even  diough  the  inq>lant  doses  are  10  and  100  times  that  of  the 
Pr,  the  samples  inqilanted  with  a  dose  of  IxlOWcnP  have  only  5  times  the  peak 
implant  density  as  the  Pr  and  the  higher  codq)e  doses  provide  about  50  times  the 
density  profile  of  Pr.  After  both  implantations,  the  sanq>les  were  r^id  thermal 
annealed  at  qitimal  tenqieratures  previously  determined. 

Figures  44  and  45  show  the  respective  results  of  this  codq;>ing  study  for 
SI-GaAs:Pr  and  SI-AIq  i4Gao.MAs:Pr  coimplanted  at  the  lower  dose  of  IxlO^^/cm^. 
The  higher  dose  evidenced  identical  results.  The  obvious  and  completely  general  effect 
of  diese  cod<q>es  is  to  quench  very  effectively  the  Pr  luminescence  while  increasing 
band-edge  emissions  in  die  host  and  cap  layer.  For  GaAs:Pr  shown  in  Figure  44, 
increased  band-edge  onissions  (in  second  order)  were  seen  at  1.458,  1.491,  and 
1.494  eV.  The  1.494  eV  peak  is  the  common  C^g-FB  transition  while  the  1.458  eV 
peak  is  the  phonon  replica  of  the  1.494  eV  peak  and  the  1.491  eV  peak  is  either  the 
Mg-FB  OT  Cas  dap  transition.  Figure  45  shows  second  order  band-edge  emissions 
from  the  Alo.14Gao.86As  host  at  1.719  and  1.694  eV.  The  FE  emission  from  the  GaAs 
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Hglire43.  Concentration  profiles  of  C  aad  Pr  impianted  iato  Aloj5Gao.g5As  as  used  in 
the  codofriog  sin^ 

cap  layer  is  abo  seen  at  1.513  eV  ak»g  witti  die  C^a-FB  emission  at  1.494  eV.  The 
OaAs  emissions  dUKer  slightly  due  to  the  difioem  growdi  mediods  of  die  two  saiqdes 
widi  an  LGC-grown  OaAs  substrate  used  in  Figure  44  and  MOCVD-grown  GaAs  in 
Figme  45.  The  Alo.i50ao,8sAs:Pr  sample  is  inqilanled  with  oi^gen  bdiaved  exacdy  as 
te  S[-Alo.i4Gao,KAs:Pr+0  sample  widi  complete  quenching  of  the  Pr  PL  for  both 
hii^  nd  low  oa^gen  doses. 

The  effect  cf  the  oodope  demrats  is  likely  to  be  eidier  conqietition  for  die 
availside  free  carriers/micitoos  Oft  de-activation  of  die  luminescence  Pr  ions  throng 
formation  oi  noo-lmninescrat  Pr-codope  conq^xes.  Again,  the  results  of  Pr  and  O 
diow  the  Strong  ctmtrad  with  Er  and  O  codoping  for  both  GaAs  and  AlGaAs 
eddA  showed  stnnig  enhancemeot  of  die  Er-related  emissions  (Colon  et  al., 
1993b:216;  Colon  et  al. ,  1993a:169). 
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F^Bie  44.  PL  q)ectra  taken  at  3  K  of  SI-GaAs  iiiq>laiited  widi  Pr  at  390  keV  with  a 
doae  of  lOiVcn^  and  codoped  widi  B,  C,  N,  O,  or  F  at  energies  indicated  with  a  dose 
of  lOi^/cm?  and  annealed  at  800  *C 
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Figure  45.  PL  qwctra  taken  at  3  K  of  SI-Alo.i4Gao.8^  mq)laiited  widi  Pr  at  390  keV 
with  a  dose  of  and  Pr  oodogeA  with  B,  C,  N,  O,  or  F  at  energies  indicated 

whh  a  dose  of  and  annealed  at  775 
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Figure  46.  ManTedi  GaAs  Solar  Cell  Structure  used  for  Electrohuninescence 


Etectrolumincscencc  of  Pr 

To  fidnicate  Pr-lumiiiescent  diodes,  Pr  was  implanted  into  a  p+n  GaAs  junction 
at  various  dq)ths  on  the  p-side  of  the  depletion  region.  The  p-si^  was  chosen  since 
uge^km  of  free  carriers  occurs  on  the  p-skte  of  a  junction  because  the  density  of  states 
is  nxue  shallow  in  the  n-type  conduction  band  (Pankove,  1971:181). 

The  diodes  used  for  this  study  were  modified  from  solar  cell  junctions  grown 
die  AFWAL  ManTech  Piogram  ("Manufacturing  Technology  for  GaAs  Solar 
Cdls”,  PO#F33615-81-C-5150).  These  MOC^VD-grown  solar  cell  structure  is  shown 
in  Figure  46,  and  had  an  anti-reflective  coating  along  with  a  window  layer  which  were 
etched  off  using  the  foitowing  sequence: 

1)  Bufi^ed  Oxide  E^iant  (BOE)  dqi  at  room  temperature  longer  than  60  seconds  to 
remove  die  two  surface  oxide  layers, 

2)  Dekmized  wam  0>I)  rinse  and  dry,  and 

3)  HCL:HNO):DI  (10:1:9)  dq>  at  romn  temperature  loiter  than  90  seconds  to  remove 
tbc  AKhiAs  window  layer  widiout  etching  die  underlyii^  GaAs. 
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(top  view)  (side  view) 


I%iBe47.  Mesa  I>k)de  Stnicture  for  GaAsrPr  Electnriuininesceiice  E;q)eriiii^^ 


Soce  tile  muifaniatioa  dqidi  of  390  keV  Pr  into  GaAs  is  about  1000  A  and  tbe  best 
positkm  die  Pr  with  reflect  to  the  dqiietion  region  was  unknown,  several  wafers 
vnxt  etched  to  partially  remove  the  (xriginal  0.55  im  GaAs  layer  to  controlled  depths. 
By  etching  die  GaAs  to  desired  depths,  the  Pr  inqilant  peak  was  positioned  in  four 
wafers  from  about  2000  A  from  the  dqiletion  region  on  the  p-side  to  about  500  A  into 
the  n-skle.  Hus  has  die  additional  advantage  of  con^iensating  for  any  errors  in  the 
dq^  of  the  cxiginally  grown  wafers.  The  etch  depths  of  actual  wafers  were 
mcmhicned  wMi  a  TENCOR  A^dia-Stq)  250  profiler.  The  wafers  were  then  all 
implanted  with  Pr  at  390  keV  at  a  dose  of  1  xlO^^/cm^,  and  rapid  thermal  annealed  at 
775**  C  for  15  secmids.  Mesa  diodes  were  then  febricated  from  diese  wafers  in  blocks 
(rf  4  OPi^ure  47)  with  2  of  these  blocks  mounted  on  a  16-pin  DIP.  The  ohmic  contacts 
used  were  Ni:Ge:Au  (50:200:5000A,  RTA  425  **C/30  s)  and  Au:Zn:Au  (50:250:5000 
A,  RTA  375  ®C/30  s)  for  die  p-type. 

Four  devices  woe  frduricated  widi  p-type  region  dqnhs  of  2980±250  A  (C^U 
#1),  1809±250  A  (Cell  #4),  783  ±250  A  (CeU  IP),  and  530±250  A  (OU  #10).  CeU 
#4  was  daimtged  during  mounting  and  was  unusable,  while  the  others  had  4  to  8  of  the 
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toictkMMd.  Fte  dK  electrolimuiieflceiice  experiments,  all  of  die  functional 
diodes  bodi  blocks  were  connected  in  parallel  and  voltages  of  1.88  to  5.46  V  (with 
anre^ionding  currents  of  98  to  999  mA)  were  qiplied  with  die  resulting  emission 
qiectra  collected  exactly  as  in  the  PL  ejqieiiments.  Unfortunately,  none  of  the  diodes 
displayed  Pr  tuminescence,  but  all  diodes  showed  near  band-edge  luminescence  of  the 
GaAs.  Figure  48  shows  the  electroluminescence  from  Cell  along  with 
{diototuminescence  from  the  surface  of  the  diodes  and  from  a  bulk  san^ile  of  the  wafer 
frmn  which  (3ell  #1  was  fabricated.  These  results  are  typical  of  those  foimd  for  Cells 
#7  and  #10.  All  of  spectra  showed  clear  CiaAs  band-edge-related  luminescence  in  both 
first  and  second  order,  however  none  showed  any  evidence  of  Pr  luminescence.  The 
PL  frmn  the  bulk  samples  displayed  defect  emissions  which  are  very  similar  to  the  PL 
obtained  from  n-GaAs:Pr  (Figure  19),  but  the  Pr-bearing  region  in  the  diode  contains 
a  concentration  of  dopants  an  order  of  magnitude  higher  than  that  of  the  samples  used 
in  the  host  conductivity  type  study.  Apparently,  the  dopants  present  in  all  diodes 
quenched  the  Pr  iuminescence.  It  wtus  also  possible  that  procedures  used  to  fabricate 
the  device  from  the  junction  material  hindered  the  Pr  luminescence.  The  metallization 
[Hocedure  used  to  attach  contacts  may  introduce  inq)urities  such  as  gold  into  the  Pr 
inq>lanted  region,  and  this  may  also  reduce  Pr  luminescence.  However,  even  the  bulk 
material  implanted  with  Pr  was  not  capable  of  Pr  luminescence.  Possibly,  lower 
doping  of  the  host  may  yet  allow  Pr  electroluminescence  to  be  achieved. 
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Figiue  48.  Electroluminescence  and  Photoluminescence  from  GaAs;Pr  Cell  #1 


123 


Shogbuiix 

EaA  of  tile  studies  detailed  in  the  previous  chapter  contributes  information  from 
^i^iich  a  pcntrait  of  the  excitation  mechanism  for  Pr  in  Alj^Ga^.^As  can  be  constructed. 
Table  17  contains  a  summary  of  important  findings  in  tiiis  work.  Since  Pr  emissions 
frxxn  Alo.14Gao.MAs  and  Alo.15Gao.gsAs  were  nearly  identical,  but  sufficient  quantities 
of  both  were  not  available  for  a  complete  study,  their  results  are  reported  together. 

The  following  conclusions  may  be  drawn  from  the  data  thus  far  presented: 


1)  The  behavior  of  the  Pr  PL  in  the  RTA  studies  including  thermal  stability  and 
number  of  crystal  field  split  emission  lines  argues  that  tiie  Pr  ions  occupy  Ga 
substitutional  sites  although  the  local  site  symmetry  may  be  less  than  T^. 

2)  The  SEL  study  showed  that  excitation  energy  as  low  as  that  of  free-to-bound 
transitions  or  bound  excitons  is  sufficient  for  excitation  of  Pr  in  any  of  the  studied 
hosts.  Pr-related  luminescence  can  be  excited  with  a  narrow  range  of  laser  excitation 
energies  centered  at  24  meV  below  the  band-edge  in  GaAs.  This  may  indicate  direct 
punqiing  to  the  Pr-BE  energy  level.  For  AIq.isGsq  g5As,  the  SEL  drop-off  was  broader 
and  no  below-gap  maximum  was  observed  over  the  range  of  over  280  meV  below  the 
band-edge. 

3)  The  tenqierature-dependence  study  gave  an  activation  energy  for  Pr  lines  in 
GaAs  (22.5-28.9  meV)  corresponding  to  the  dissociation  energy  of  bound  excitons 
from  tile  Pr  sites.  The  smaller  activation  energies  found  for  the  Alo.i3Gao  g5As  and 
Alo.3oGao.7oAs  hosts  probably  correspond  to  dissociation  energy  of  excitons  which  are 
less  strongly  bound  to  the  Pr  ion.  Small  activation  energies  of  less  than  4  meV  may 
correqxmd  to  thermal  excitation  of  the  lower  cold  line  level  to  the  upper  level.  No 
evidence  of  different  Pr  luminescent  centers  was  found. 
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TABLE  17 


Summaiy  of  Significant  Findings 


my  strong  |  strong 


nwium 


AlgjffiaAt 


PLBVllMiKTAt±2S*Q 


n.  Stroagost  in  nlpW  Nntt 


SEL  Drop  nff  Eanrgy  (tSnMV) 


SELMMv6apPMk(i3MV) 


•dip.  Pmk  G,  Act  En.  Ef .  E2 


T-dip.PMlia.ActEn.  E1.E2 


775«»”C 


lESBUBi 


^*10'3/cm2  25xi0^3;on2 


725  *cm 


n/p 


9.6  moV 


5.6  imV 


too  weak 


too  weak 


too  weak 


1.^22.5inaV 


2.2. 28.9  maV  1.4.6.0inaV 


guanchadPrPL  quanchad  Pr  PL  quanchadPrPL  quanchad  Pr  PL 


quandiad  Pr  PL  (gnnchadPrPL  nottastad  nottastad 


noPrPL 


4)  The  square  root  dependence  of  the  intensity  on  excitation  laser  power 
indicates  that  the  bound  exciton  recombination  energy  may  be  transferred  either  to  the 
Pr  ion  or  a  free  carrier  via  an  Auger  process. 

5)  The  reduction  of  Pr  PL  in  hosts  occurs  when  the  hosts  are  doped  with  donors 
or  acceptors,  or  they  are  codoped  with  other  impurities  is  probably  due  to  competition 
with  other  impurities  for  the  available  exciton  recombination  energy.  The  doping  or 
codoped  impurities  were: 

a)  carrier-^pe  impurities  like  Si  and  Zn, 

b)  other  RE  elements  like  Er,  and 

c)  codoped  inqnirities  including  B,  C,  N,  O,  and  F. 

6)  The  intensity  of  Pr  emission  groups  varies  strongly  with  A1  mole  fraction  of 
AljjGai.jjAs.  The  3F3->3H4  emissions  are  strongest  in  Al^Gai.^As  hosts  with  j^.l5, 
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i^Ule  fiv  QiAs  and  Alo,|(^Gao.9(y4s.  die  strongest  Pr  emissions  are  tibe  1G4->3H3 
transition  gtoqi.  This  behavkn’  is  almqA,  showing  no  gradual  change.  The  change  in 
rdative  PL  intensities  between  the  emission  groups  with  different  hosts  is  attributed  to 
the  differing  bandgt^  of  diose  hosts  and  the  interaction  of  these  bandgt^s  with  the 
internal  4f  energy  states  of  Pr^-*-. 

These  pieces  of  information  and  their  interpretation  may  now  be  assembled  to  propose 
an  excitation  mechanism  for  Pr  in  the  succeeding  sections. 

Unf(»tunately,  the  potential  plication  of  Pr  luminescence  in  GaAs, 
Al^Gai.^As,  and  Si  technology  appears  to  be  no  greater  than  that  of  other  REs. 
Although  Pr  emissions  at  low  temperatures  are  sharp  and  relatively  strong,  ttey  still 
fall  far  short  of  the  intensity  and  efficiency  required  for  use  in  an  LED.  Attempts  to 
increase  the  luminescent  intensiQr  through  codoping  with  B,  C,  N,  O,  and  F  and  dual- 
doping  with  Er  were  not  successful  and,  although  these  tests  are  not  conqiletely 
definitive,  there  do  not  appear  to  be  any  obvious  methods  to  achieve  strong 
enhancement  of  Pr  PL.  The  lack  of  any  Pr-related  electroluminescence  was  attributed 
to  the  inqHirities  in  the  diode,  but  if  Pr  ions  are,  in  general,  poor  conqietitors  for 
absmrptitm  of  exchon  recombination  energy,  then  the  very  inqnirities  required  to  create 
die  p-n  junction  may  quench  the  Pr  luminescence.  Recommendations  for  further 
research  presented  at  the  end  of  this  chapter  do,  however,  present  some  areas  for 
eiqiknratkm,  which  may  contribute  to  the  further  understanding  of  RE  luminescence. 

Rxcitatimi  Mechanism  Mndel58 

The  excitation  mechanism  model  must  account  for  all  of  the  data  presented  in 
this  research  effort  as  summarized  above,  both  for  the  behavior  of  the  Pr-related 
luminescence  in  the  Al^Ga^.^As  hosts  and  lack  of  the  Pr-related  luminescence  in  the 
silicon  hosts.  Examination  and  development  of  excitation  n^hanism  models  can  be 
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divided  into  the  boimd  exciKm  fimnation  iHX)ce8s  and  die  bound  exciton  rec(md)inatkni 
proceia.  Theae  pfocesaes  will  be  treated  sqiaridely. 


Bnimd  mwektm  Fnimarinn  The  phenomeDological  model  presented  in 

49  shows  the  general  overview  of  die  proposed  semiconductor  host  to  Pr  enngy 
ttansfinr  process  for  above  bandgqi  host  excitation.  This  model  is  entirely  omsistmit 
widi  ^  enqiirical  data  presented  in  diis  work  and  the  conclusions  drawn  thus  fm-.  The 
exdttdkni  and  luminescence  {mxxss  se^ioice  is  imiposed  as  follows  in  6  separate 
stqis: 


1)  Free  Carrier  Fhrmation  Free  carriers  and  free  excitons  are  formed  in 
die  host  material  via  an  external  pumping  process  such  as  a  laser  with  a  phottm  energy 
greater  than  die  host  bandgt^i. 

2^  Carrier/Exciton  Trapping  These  free  carriers  can  be  trapped  at  the  Pr 
sites  vdiich  exist  as  isoelectronic  traps  (eidier  for  electrons  or  holes).  The  exact  nature 
of  diis  tr^i  can  not  be  conjectured  until  eiqierinients  are  conducted  to  determine 
whedmr  this  is  a  hole  or  electron  tnqi  (such  as  DLTS).  The  trailing  of  free  carriers  by 
isoelectronic  impurities  (such  as  REs  on  gnnqi  in  sites  in  m-V  semiconductors)  is  well 
establidied.  Allen's  atomic  potential  calculations  showed  that  semiconductor 
isodectronic  bound  states  are  probable  when  a  large,  heavy  atom  replaces  a  lighter  one 
(AUm,  1971:1936).  Several  workers  have  reported  experimental  evidence  of  trailing 
of  free  carriers  by  REs  in  semiconductors  including  Yb  and  Er  electron  traps  in  InP 
(Whitney  a  al.,  1988b:2074;  Lambert  et  al.,  1990:479),  Yb  electron  tnqis  in  CSaAs 
(Taguchi  et  al. ,  1990:3390),  and  Er  hole  tn^  in  GlaAs  (Colon  er  al. ,  19925:671).  It  is 
also  pos^le  diat  free  excitons  are  themselves  tnqiped  at  the  Pr  sites  and  diis  has  also 
been  proposed  ptevkxisly  for  RE  excitation  mechanisms  (Lozykowksi,  1993:17760). 
(juttidiing  processes  are  possible  in  this  step  which  conqiete  with  die  Pr  ions  for  die 
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.  Thaie  iidMte  oliiBr  trapping  by  ote  in^or^ 

wccMbiMtioii,  ftee  excilon  fonnatkm  and  recooibinatioii,  and  otber  defects  which 
aUow  free  carriers  to  de-excile. 

3)  Bound  Excitnn  Pormtkm  The  carrier  trapped  at  the  Pr  site  attracts 
anofeer  opposilefy  charged  carrier,  forming  a  bound  excitmi.  This  step  also  dq)ends 
on  fee  conoentratKMi  of  free  carriers  in  fee  host  for  fee  supply  of  (^)positely  chatged 
carriers  to  form  fee  bound  exciton.  Quenching  effects  for  this  stq>  include  ionization 
or  dtssochdum  of  fee  bound  exciton  ferough  thermal  energy,  impact  ionization  by  other 
free  earners,  or  absorptkm  of  photon  energy. 


4)  Bnund  ETchon  Recombination  This  bound  exciton  has  a  finite 
lifetime  and  recombines  releasing  energy  at  the  Pr  ion  site. 

5)  Energy  Abgorptkwi  The  recombination  energy  is  absorbed  by  the 
local  Pr  atmn  (or  other  particles).  The  energy  conservation  in  this  transfer  is 
caiig>Ieied  by  another  particle  which  may  even  be  another,  nearby  Pr  atom.  This  other 
particle  may  also  be  a  carrier  excited  via  an  Auger  process.  Again,  fee  energy  transfer 
rate  to  the  Pr  ion  may  not  be  high.  The  bound  exciton  recombination  energy  may  also 
be  transferred  entirely  to  an  Auger  process. 

6)  Prljimimssrence  The  excited  Pr  atom  decays,  radiating  light. 


This  process  is  valid  for  aU  GaAs:Pr  and  Alj^Ga^.^AsiPr  sanq>les  for  above-gap 
excitatioii.  A  microscopic  descr4)tion  of  the  Pr  luminescence  intensity  can  be 
cmistructed  for  this  model  wife  terms  for  each  step  in  fee  excitation  mechanism,  which 
also  accounts  for  each  of  the  quenching  processes  listed  above.  A  process  diagram 
cmre^Kmding  to  feis  cmnptoe  model  is  shown  in  Figure  SO  along  wife  associated 
equatmos  and  variables  accounting  for  each  st^.  First,  above  bandgap  excitation 
dqprads  on  free  carrfers  which  have  a  concentration  n  described  by  the  rate  equation 
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Hgure  49.  Above  Baiiclgiq[>  Exchatkm  Process  of  Pr  Luminescence  in  Al^Gai.^As 


^  =  G, — ~ — ar^-cn^, 

at 


where  G,  is  tbe  punq)  generation  rate,  is  the  carrier  lifetime  due  to  deq)  trq> 
recombination,  a/fi  is  the  recombinatkm  nue  tfarougfa  exciton  formation,  and  c»^  is  the 
recombinatkmrale  via  Auger  processes  (Cof&  era/.,  1993:11787).  Single  steady  state 
sedations  to  three  limiting  cases  of  this  rate  equation  exist.  At  low  tenq)eratures  in 
good  oystals,  exciton  recombinatkm  {xevails  giving  (Cofb  et  al. ,  1993:11787) 


For  temperamret,  deep  trap  racoinbinatkMi  dominates  giving  (CofEi  et  al., 
1999:11787) 

n^G,x^.  (24) 

FlanBy,  for  hi^  pmnp  rates  G/,  Auger  {vocesses  dominate  because  of  the  large 
dqncndeace  giviag 

Since  die  qiectra  in  tbis  effort  were  taken  at  low  tenq)erature  with  potentially  high 
pump  rates,  a  combimtion  of  exciton  and  Auger  processes  probably  dominates.  The 
square  root  power  dq)endence  of  the  PL  immisity  siq)ports  die  strengdi  of  the  Auger 
processes  in  diese  materials.  Coda  et  al.  also  give  a  rate  equation  for  excited  Er 
cmioentration,  \^iich  may  be  adapted  to  describe  die  Pr  luminescence  process.  The 
rate  e^uUkm  for  excited  state  Pr  ion  concentration  ATjy  is  given  by 


adme  b  die  concentration  of  bound  excitons  at  Pr  ions,  t*  b  the  bound  exciton 
recoofoination  lifetime,  A/^  b  the  total  ccmcentration  of  (Really  active  Pr,  b  the 
fraction  (tf  BE  at  die  Pr  ions  which  do  not  ionize  or  dissociate  prior  to  recombination 
(dqiendrat  on  die  temperature),  ^  b  die  fraction  of  rectunbining  bound  excitons  which 
excite  the  Pr  km  (due  to  ctmqietition  fnmi  {dioton  emission  and  Auger  processes),  and 
b  die  decay  time  of  die  Pr  kms  whether  radiative  or  non-radbtive.  The  first  term  in 
Eq  (2Q  b  die  rate  of  excitatkm  events  which  b  limited  by  the  number  of  already 
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wpi^HWiii  tfto  Bq  C26)  depeads  (m  tbe  fine  carrier  oMiiMnttratkm 

n  taatoa^k  die  bound  excHoo  coooeatiatkn  in  die  fixm 


»i  =/»»*. 


(27) 


wbatf^  is  a  fiKrtCM*  accounting  to  odmr  {wocesses  ccnnptting  to  free  carriers  (such  as 
defects,  odier  inofNirities,  w  free  excittm  tomation).  If  Pr  binding  of  excitcms  is  not  a 
dominant  process  in  die  sample,  dien  Eq  (26)  may  be  ccmsidered  independent  of  Eq 
(22)  in  terms  of  die  number  of  carrios  n.  Thus,  assuming  a  steady  state  solution  to  Eq 
(26)  and  diat  Pr  himinescenoe  is  {nopmttkmal  to  the  concentration  of  excited  Pr  ions, 
the  intensity  of  the  Pr  luminescence  Ip^  is  given  by 


fr/A  ,  T*  • 

^Pr 


(28) 


udme  is  the  lifetime  of  the  radiative  decay  for  the  excited  Pr  ion.  The  controllable 
ccmditions  which  maximize  diis  luminescence  include  increasing  the  factor  through 
increasing  die  free  carrier  concenbution  or  reduction  of  inqiurities  which  conq)ete  for 
the  free  carriers.  Also  increasing  Np^  wiU  enlarge  but  practical  limits  on  the 
sohibUity  of  Pr  ions  in  die  lattice  constrain  this  enhancement  method. 

Bownd  Exciton  Recombinatioii  Process  The  previous  model  explains  the 
mediod  for  Pr  excitadtm  through  bound  exciton  recombination  at  the  Pr  site.  However, 
the  BE  miergies  are  much  greater  than  any  single  energy  level  of  Pr,  so  the  energy 
transfer  process  still  requires  a  ctmqiiete  rigorous  explanation  of  energy  conservation. 
A  review  of  the  dMa  suggests  two  possible  explanations.  The  first  is  an  Auger-assisted 
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prooeis  (Figure  5U),  white  the  second  is  a  novel  Pr  dual  resonance  process  (Figure 
51b).  These  will  he  examined  in  die  ccmlext  of  the  primary  BE  excitadtm-hased  model. 

Pr  himinesoeiice  has  been  observed  over  a  wkte  range  of  host  bandgaps  (l.S-2.1 
eV)  s^iich  cocre^KMid  to  similarly  large  BE  recombination  energies.  This  shows  a 
wide  BE  recondiinatkm  energy  to  Pr  energetic  coupling  range.  Since  the  BE  energies 
are  all  much  greater  than  the  excited  states  of  Pr3+,  a  process  must  exist  which  absorbs 
the  remaining  oiergy  difference  after  excitii^  the  4f  electrons  to  conqilete  energy 
ctmservatkm  for  this  transfer.  Thus,  there  must  exist  a  correspondii^  energy 
omservation  process  which  is  o^iabte  of  absorbing  a  continuum  of  energies.  A 
possiUe  i»ocess  which  fits  these  requirements  is  a  transfer  of  the  energy  difference 
between  die  BE  and  die  Pr  levels  to  fiiee  canters  via  an  Auger  process  (Figure  51a). 
This  requires  yet  another  particte  to  participate  in  this  excitation  process.  The  energy 
conservation  for  this  model  is  tescribed  by 

Egg  =  E^.  +  ,  (29) 

where  is  the  bound  exciton  recombination  energy  which  is  divided  between  the  Pr 
excited  state  energy  Ep^*  and  the  energy  transferred  to  a  carrier  via  an  Auger  process 
^Au^-  process  must  allocate  sufficient  energy  {Ep^)  to  the  Pr  ion  of  at  least 
0.783  eV  to  allow  the  3F3->3H4  transition  and  about  1.2  eV  to  excite  the  Pr  ion  from 
the  ground  state  to  the  ^64  state  allowing  the  1G4->3H5  or  164-^3114  emissions. 
These  dien  require  Auger  transfer  energy  ^  ^  GaAs  (using 

iqiproximately  Eg<-1.2  eV)  up  to  1.287  eV  in  Alo.soGao.50As  (using  approximately  Eg- 
0.783  eV).  This  is  indeed  a  very  wide  range  of  energies  required  for  Auger-assisted 
energy  conservation  from  the  BE  recombination  energy.  This  Auger-assisted  process 
also  does  not  e}qplain  the  switch  in  relative  luminescence  intensity  between  the 
3F3->3H4  and  ^G4->^H5  emission  groups  as  the  A1  mole  fraction  x  changes  fi‘om 
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Figure  SI.  Bound  Excitcm  Recombination  Eimgy  Transfer  Processes 

x=>:0.10  to  0.15  unless  there  is  scmie  preferred  Auger  transfer  mechanism.  This 
IKoblem  with  die  Auger-assisted  explanation  pron^ited  the  next  possible  model. 

The  dramatic  diange  in  relative  Pr  luminescence  intensities  between  the  two 
emissicm  grotq»  with  A1  mole  fraction  needs  another  explanation  and  forms  the  basis 
fiir  the  second  explanatkm  for  BE  enngy  transfer  mechanism.  In  the  former 
eiqibmatioii,  the  BE  recombination  energy  is  split  between  the  Pr  ion  and  the  Auger 
inocess  particle.  It  is  also  possible  diat  the  recombination  energy  from  the  bound 
excilon  is  ^lit  between  two  different,  but  closely  located  Pr  ions  (Figure  51b). 
Exumnatkm  of  the  Pr  energy  levels  compared  to  the  BE  energies  for  each  host  reveals 
a  vay  imnesting  ccneladon.  When  taken  as  pairs  r^resenting  double  resonance  of 
die  P)r  km  energy  levels,  dm  sum  of  the  two  values  of  certain  combinations  of  excited 
Pr  amgies  are  close  to  the  BE  recombination  energy  which  may  explain  the 
huninescent  bdiavfor  observed.  In  other  words,  the  Pr^'*'  energy  level  pairs  which  are 
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best  energeticaUy  matched  to  the  BE  rec(»nbmatk>n  energy  seem  to  correlate  with  the 
observed  chan^  in  emission  groiq)  intensity.  Table  18  shows  Pr^'*'  paired  excited 
energy  sums  which  are  near  die  bandgap  energies  (and  presumably  the  BE  mergi^)  for 
die  hosts  in  this  study.  The  difference  in  the  Pr  energy  sums  and  the  BE  oiergies  are 
small  enough  that  lattice  phonons  can  conqilete  the  energy  conservation  during  the 
process.  Since  so  few  of  the  Pr3+  energy  levels  are  involved  in  the  IR  emissions 
studied  here,  the  energy  levels  are  based  on  the  comprehensive  studies  of  Pr3+  energy 
levels  in  LaCl3  summarized  in  Dieke's  book  (Dieke,  1968:196).  The  energy 
conservation  of  this  model  is  described  by 

<30) 

where  Elp^*  and  £2|y«  are  excited  states  of  the  two  Pr^^  ions  which  split  the  available 
bound  exciton  recombination  energy  EbE'  For  example,  the  Pr-bound  exciton 
recombination  energy  in  GaAs  would  be  slighdy  less  than  the  1.52  eV  bandgap,  which 
would  be  sufiBcient  and  energetically  well-matched  to  either  the  ^64  +  3H5  (1.466  eV) 
or  the  3F4  +  3F2  (1.430  eV)  excitation  sums.  Since  no  3F4-based  transitions  were  seen 
in  this  study  or  have  been  reported,  it  is  likely  that  the  3F4  state  may  be  tbermalized  to 
the  next  lowest  level  ^F3  which  is  only  ~S4  meV  lower  in  energy  than  the  3F4  level. 
Also,  no  3F2->^H4  emissions  were  seen  in  this  study,  nor  have  any  been  reported  in 
othor  Pr  studies  (Erickson  et  <d. ,  1993).  This  implies  that  the  transition  from  ‘^¥2  to 
3H4  may  be  a  forbidden  transition,  or,  at  best,  a  very  weak  transition.  Thus,  although 
emission  frmn  ^64,  ^H5,  and  ^F3  to  are  all  possible  from  GaAs:Pr  under  this 
model,  the  ^64-  and  3H3-based  emissions  are  expected  to  be  strongest  because  they 
have  the  closest  energy  match  to  the  BE  energy,  while  the  ^F3-based  emissions  will  be 
weaker  because  they  are  less  well  energetically  matched  to  the  BE  energy.  In  fact. 
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Pair  Sums  of  Pr^'*'  &iergy  Levels 


iMiii 

Imtiv  Smi  liV) 

2ii32 

%.3f, 

1.978 

1.804 

’64  +  ^ 

1.737 

3F4>3f4 

1.858 

1.804 

1.550 

1S4*3h5 

1.488 

3f4^3F2 

1.430 

1.378 

3f4>3H5 

1.092 

1J)38 

weak  3F3-  and  stnmg  ^G4-based  emissions  were  observed  in  GaAsrPr.  However,  the 
transition  of  3H5->3H4  has  not  been  e}q)erinientally  confomed  yet. 

Similarly  for  AIq  i5Gao,g5As:Pr,  the  bound  exciton  energy  is  believed  to  be 
slightly  less  than  the  1.73  eV  band  gs^,  thus  the  3F4  +  3F4  (1.658  eV),  3F4  +  ^Fj 
a.604  cV),  +  3F3  (1.550  eV),  and  IG4  +  (1.466  eV)  sums  are  aU 

eneigx^cally  possible.  The  most  likely  of  these  excitations  are  3F4  +  ^F4  and  3F4  + 
^F3  because  these  are  the  closest  matches  to  the  txHind  exciton  recombination  energy  of 
Alo.15Gao.8sAs.  As  mentioned  above,  the  3F4  state  may  be  thermalized  to  Then  in 
this  case,  strcmg  3F3-based  transitions  are  expected.  Also,  the  pair  excitations  of  3F3  + 
3F3  could  be  strong,  althoi^  the  energy  match  is  slightly  worse  than  the  above  two 
cases.  On  the  othra:  hand,  the  pair  excitation  of  ^G4  +  ^Hs  may  not  be  strong  because 
of  a  poor  energy  match  to  the  recombination  energy  of  bound  excitons.  Thus,  weak 
^G4'based  transitions  are  e}q)ected.  Indeed,  this  is  exactly  what  is  observed  from 
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Alo.isGao.ssAs-.Pr.  Note  that  the  3F4  +  3F4,  3F4  +  ^Fj,  and  ^Fj  +  3F3  energetic 
combinations  produce  a  total  of  six  excited  Pr  ions  which  will  likely  all  emit  3F3->3H4, 
while  ^64  +  ^H3  pair  produces  only  one  Pr  ion  which  can  emit  from  the  ^G4->3H5 
transition.  This  is  another  reason  to  expect  more  intense  3F3->3H4  emissions  than 
iG4->3H5  emissions. 

For  Alo.3oGao.7oAs:Pr,  the  BE  energy  will  be  slightly  less  than  1.94  eV.  The 
best  energetically  matched  pair  is  ^G4  +  ^¥2,  however,  as  stated  earlier,  this  is  an 
unlikely  process  because  the  excitation  from  3H4  to  3F2  appears  to  be  a  very  weak 
transition  at  best.  The  next  best  energetic  matches  are  the  same  as  those  for 
AIq  i5Gao.gsAs,  but  with  a  greater  energy  difference.  Thus,  similar  emissions  to 
AIq  isGao.ssAs  are  expected,  but  substantially  reduced  in  intensity,  just  as  have  been 
observed.  This  same  effect  occurs  with  AIq  soGsq.soAs,  with  even  greater  reduction  in 
the  emission  intensities  as  is  also  seen. 

The  exact  solution  to  the  issue  of  energy  conservation  in  the  BE  energy 
absorption  process  by  the  Pr  ions  may  not  be  exclusively  either  of  the  two  preceding 
models.  It  seems  likely  that  both  of  these  processes  occur  to  some  degree,  since 
neither  seems  to  be  a  completely  satisfying  model  for  this  BE  energy  recombination 
step. 


Lack  of  Pr  Luminescence  in  Si.  No  luminescence  from  Pr  was  seen  in  Si  hosts 
and  this  may  result  from  any  number  of  potential  quenching  effects  which  have  been 
identified  in  this  study.  First,  the  relation  of  Pr  to  silicon  is  fundamentally  different 
from  that  of  m-V  materials  since  silicon  is  a  group  IV  elements.  Thus,  trivalent  Pr  in 
a  substitutional  site  is  presumed  to  behave  as  an  acceptor-like  in:q)urity.  Pr  luminescent 
centers  are  believed  to  be  substitutional  and  isoelectronic  in  the  Al^^Ga^.^As  hosts, 
while  Pr  may  be  neither  in  silicon.  Also  the  low  temperature  bandgap  of  silicon 
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(1.17  eV)  Is  nmdi  less  tban  tbat  of  any  odier  faott  semionKiactcxr  tested  in  tfais  study 
(1.S2  to  2.07  eV),  along  with  being  indiiect  (aldiough  weak  Pr  emissimis  firmn  the 
indirect  gap  AIq  ^Sq  ^As  host  were  detected).  This  low  bandg^  is,  in  fact,  less  than 
the  >64  excited  state  of  Pr^'*'  (~1.2  eV)  eliminating  the  possibility  of  punq>ing  die 
ground-state  4f  electron  to  this  level.  Under  the  dual-resonance  model  for  Pr 
excitation,  dme  is  only  one  energy  pair  comaining  3F3  and  one  pair  containing  3f^ 
which  have  an  energy  less  than  the  recombination  energy  of  a  bound  exciton  in  silicon, 
i.e.,  the  excitation  of  3F3+3H5  (1.038  eV)  or  3F4+3H5  (1.092  eV).  Additionally,  only 
p-  and  n-type  silicon  host  materials  were  tested.  The  study  of  Pr-implanted  in  to  n-  and 
p-type  Al^Gai.^As  hosts  has  shown  evidence  that,  in  general,  inqiurities  have  a  strong 
quenching  effect  on  Pr  luminescence.  Finally,  the  excitation  laser  penetration  depth  is 
not  well  matched  to  the  Pr  inqilantation  depths  in  Si,  as  was  noted  earlier.  It  seems 
that  Pr  is  not  well  suited  for  use  as  a  luminescent  material  in  silicon,  although  it  is  not 
possible  from  die  evidence  in  this  study  to  positively  discriminate  between  these 
possible  reasons. 

Conyarison  with  F.r  and  Yh  F.ycifation  Models.  Extensive  research  has  been 
conducted  on  emissions  from  both  Er  and  Yb  in  semiconductors  and  well-developed 
excitation  mechanism  models  were  put  forward.  These  models  do  differ  from  those 
presented  here  for  Pr,  and  none  has  presented  a  dual-resonance  model  involving 
simultaneous  excitation  of  two  RE  particles.  In  general,  the  availability  of  DLTS  data 
allows  more  specific  details  to  be  part  of  these  processes. 

Colon  et  al.  have  discovered  that  Er  forms  at  least  two  hole  traps  in  GaAs  (at 
35  and  360  meV  above  the  VB)  and  outlined  a  very  specific  set  of  steps  for  Er 
excitation  for  laser  excitation  energy  greater  than  and  smaller  than  Eg  of  the  host 
(Colon  et  al. ,  1992b:674).  For  the  above-gap  laser  excitation,  free  holes  are  trapped. 


which  then  fonn  bound  excitons  whose  recombination  transfers  energy  to  the  Er  ion  via 
an  Auger  energy  transfer.  For  laser  excitation  less  dian  the  bandgi^,  electrons  at  the 
trap  are  excited  to  the  CB  leaving  behind  a  bound  hole  which  subsequently  recombines 
with  an  electron  transferring  its  energy  to  the  Er  4f-shell.  One  difference  between  this 
work  on  Er  and  that  presented  here  for  Pr  is  the  existence  of  deep  traps  which  were  not 
found  through  temperature  dependent  PL  measurements  for  Pr,  but  can  not  be 
completely  ruled  out  until  DLTS  is  performed  on  GaAsrPr. 

Takahei  and  Taguchi  have  worked  extensively  on  the  Yb  in  InP,  and  have 
shown  diat  Yb  forms  an  acceptor-like  electron  (AE)  trap  at  about  30  meV  below  the 
CB  in  InP  (Takahei  and  Taguchi,  1992:643).  This  AE  tr^  level  is  located  close  to  the 
CB,  but  is  acceptor-like  in  that  it  beconi^  negatively  charged  by  capturing  an  electron 
from  the  CB.  The  captured  electron  was  shown  to  exist  outside  the  Yb  4f  shell 
maintaining  the  YlP*^  ion,  thus  showing  that  the  AE  trap  acts  as  an  isoelectronic 
electron  trap.  Since  die  Yb  center  is  isoelectronic,  there  is  no  long  range  coulombic 
force  such  as  that  of  ^ical  shallow  doimrs  and  acceptors.  Thus  the  trapped  electron  is 
localized  around  the  Yb  site  and  recombination  of  this  electron  with  a  hole  will  result 
in  a  high  transfer  rate  of  the  recombination  energy  via  an  Auger  process  to  the  4f 
electron  of  Yb.  Energy  conservation  in  this  model  by  Takahei  and  Taguchi  is  invoked 
simply  through  the  Auger  process,  presumably  through  a  free  carrier.  Again,  as 
pressed  for  Pr,  the  basic  energy  source  for  Yb  is  trapped  electron-hole  recombination 
whether  captured  sqiarately  or  as  an  exciton. 

Recomnieiidation.s 

Several  extensions  of  this  research  effort  are  possible  which  would  themselves 
gready  contribute  to  the  increased  understanding  of  Pr  Imninescence.  These  include 
experiments  to: 
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(1)  invesd^tte  die  dual  resonance  ixHxiel  of  excitation  of  two  Pr  ions  via  fiiilber 
luminescence  measurements  using  different  semiconductor  hosts  with  propo*  bSndgt^ 
energies.  Since  die  nuxlel  requires  pairs  of  Pr  ions,  the  intensiQr  of  Pr  emissions 
should  be  proportional  to  the  square  of  the  Pr  concentration  for  low  implant  doses. 

(2)  Conduct  DLTS  and  tenqterature  dependent  Hall  effect  measuremems  on  Pr 
in  various  hosts  to  determine  deep  trap  levels  associated  with  Pr  in  these  hosts.  This 
would  require  higher  Pr  inq>lantation  oiergies  (MeV  range)  to  cause  deqter 
implantation  depdis  to  fabricate  p-n  junctions  or  Schottky  diodes  for  DLTS 
measurements. 

(3)  Conduct  SIMS  measurements  to  determine  the  actual  Pr  density  profile  for 
in  the  sanq>ies  used  in  this  study. 

(4)  Contiiiue  work  on  EL  by  constructing  and  optimizing  a  proper  Pr-based 
diode  utilizing  well'Understood  host  semiconductors.  The  most  promising 
semiconductors  are  low>Al  fraction  (x~0.1S)  Al^Caj.^As  hosts  with  low  level  doped  p- 
n  junction.  PL  tests  should  be  run  on  any  bulk  junction  material  prior  to  diode  device 
fabrication  to  verify  that  the  implanted  junction  material  has  reasonably  strong  Pr 
emissions. 

(5)  Conduct  temperature  dependence  PL  and  SEL  experiments  on  Pr-Er  dual- 
doped  semiconductors  to  better  understand  the  processes  in  these  materials.  Hopefully 
a  new  Pr-Er  complex  will  manifest  itself  with  promising  results  of  strong  PL. 

(6)  Conduct  more  PL  on  Si;Pr  annealed  at  lower  tenq)eratures  than  those 
attempted  in  diis  effort  (<7S0  *’C). 

(7)  Compare  the  band-edge  emissions  intensity  with  that  of  Pr  emission  as  a 
function  of  Pr  concentration  providing  some  insight  into  the  4f  excitation  mechanism. 
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